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Infertility affects around 15% of all couples of reproductive age, with about 50% be-
ing associated with abnormalities in the male. Reactive oxygen species (ROS)-
induced oxidative stress is well known to play a major role in male infertility. How-
ever, how oxidative DNA lesions in sperm affects early development remains elusive. 
Using cattle as model, we show that oxidative stress induces DNA damage in sperm 
and causes an arrest at later stages of embryo development, close to the onset of em-
bryonic genome activation. Reactive oxygen species (ROS)-induced oxidative stress 
is well known to play a major role in male infertility. However, how oxidative DNA 
lesions in sperm affects early development remains elusive. Using cattle as model, we 
show that oxidative stress induces DNA damage in sperm and causes an arrest at later 
stages of embryo development, close to the onset of embryonic genome activation. 
The levels of DNA damage response did not directly correlate with the degree of de-
velopmental defects. Instead, damaged paternal genome showed an impairment of 
zygotic active DNA demethylation, a process that has been linked with the base exci-
sion repair (BER) pathway. Quantitative immunofluorescence analysis and ultrasensi-
tive LC-MS-based measurements revealed that oxidative DNA lesions in sperm im-
pair active DNA demethylation at paternal pronuclei, without affecting 5-
hydroxymethylcytosine (5hmC), a TET3-mediated 5-methylcytosine modification 
that has been linked to paternal DNA demethylation in mouse embryos. Thus, active 
DNA demethylation in bovine embryos does not necessarily depend on the 5hmC 
pathway. Recruitment of the BER component X-ray repair cross-complementing pro-
tein 1 (XRCC1) to damaged paternal pronuclei indicates that oxidative DNA lesions 
are repaired by BER-mediated pathways and that this process occurs at the expense of 
DNA demethylation. Together, the data demonstrate that oxidative stress in sperm has 
an impact not only on DNA integrity but also on the dynamics of epigenetic repro-
gramming, which may harm the paternal genetic and epigenetic contribution to the 
developing embryo and affect embryo development and embryo quality. Last, but not 
least the results revealed species-specific epigenetic differences between bovine and 
mouse embryos and gametes that will facilitate the understanding of the dynamics of 





Unfruchtbarkeit betrifft rund 15% der Paare im fortpflanzungsfähigen Alter wobei, 
rund 50% der Fälle auf Unfruchtbarkeit im Mann zurück geführt werden können. Man 
weiss, dass dabei durch reaktive Sauerstoffspezies induzierter oxidativer Stress eine 
bedeutende Rolle spielt. Wie genau oxidative Läsionen in Spermien die embryonale 
Frühentwicklung beeinflussen, ist bis jetzt allerdings schwer fassbar. Wir konnten in 
Kühen zeigen, dass oxidativer Stress in Spermien DNA Schädigungen erzeugt und 
damit einen Arrest in späteren Stadien der frühen Embryonalentwicklung, unmittelbar 
zu Beginn der embryonalen Genomaktivierung, herbeiführt. Das Ausmaß der DNA 
Reparatur Antwort korrelierte nicht direkt mit dem Ausmaß der Entwicklungsdefekte. 
Stattdessen zeigte das beschädigte väterliche Genom eine Beeinträchtigung in der ak-
tive DNA Demethylierung in der Zygote, einem Prozess der mit dem Basen-
Exzisionsreparatur Signalweg in Verbindung gebracht wird. Quantitative Immunfluo-
reszenzanalysen und ultra-sensitive LC-MC basierte Messungen ergaben, dass oxida-
tive DNA Läsionen in Spermien die aktive DNA Demethylierung im väterlichen Vor-
kern verunmöglichen, ohne dabei 5-hydroxymethylcytosine, eine durch TET3 herbei-
geführte Modifikation von 5-methylcytosine, die in Mausembryonen mit der DNA 
Demethylierung auf dem väterlichen Genom in Verbindung gebracht wurde, zu beein-
flussen. Diese Ergebnisse deuten darauf hin, dass die aktive DNA Demethylierung in 
Kuhembryonen nicht zwingendermassen von dem 5hmC Signalweg abhängt. Die 
Rekrutierung der BER Komponente X-ray repair cross-complementing protein 1 
(XRCC1) vom mütterlichen zum väterlichen Vorkern indiziert, dass oxidative Läsio-
nen durch den BER-indizierten Signalweg repariert werden können und dass dieser 
Prozess zu Lasten der DNA Demethylierung geht. Zusammengefasst zeigen die Da-
ten, dass oxidativer Stress nicht nur einen Einfluss auf die DNA Integrität, sondern 
auch auf die Dynamik der epigenetischen Reprogrammierung hat, die den väterlichen 
genetischen und epigenetischen Beitrag zur Embryoentwicklung schädigen und die 
Embryonalentwicklung und Embryoqualität in Mitleidenschaft ziehen können. Nicht 
zuletzt ergaben die Resultate speziesspezifische epigenetische Unterschiede zwischen 
Embryonen und Gameten von Kühen und Mäusen, die das Verständnis der Dynamik 










AGG/MPG alkyl guanine glycosylase/methyl purine glycosylase 
AMH anti-Mullerian hormone 
Ape1 apurinic endonuclease 1 
APOBEC1 apolipoprotein B mRNA-editing en- zyme catalytic polypeptide 1 
ART assisted reproductive technologies 
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ATM ataxia telangiectasia Mutated 
ATP adenosine triphosphate 
ATR ataxia telangiectasia And Rad3 Related 
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CDX2 caudal type homeobox 2 
CGI CpG island 
CL corpus luteum 
Dam-ID DNA adenine methyltransferase identification  
DDR DNA damage response 
DMR differentially methylated region 
DNA desoxyribonucleic acid 
DNMT DNA methyltransferase 
Dppa3 developmental pluripotency-associated protein 3 
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EGA embryonic genome activation 
EpiLCs epiblast-like cells 
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FEN1 flap-endonuclease 1 
FSH follicle-stimulating hormone 
γH2AX phosphorylated H2A.X 
GRR germline reprogramming responsive 
GV germinal vesicle 
HAT histone acetyltransferases 
HDAC histone deacetylases 
HMGB1 nonhistone protein high mobility group box 1 
HP1 heterochromatin protein 1 
HR homologous recombination 
IAP intracisternal A-particles 
ICM inner cell mass 
ICR imprinted control regions 
ICSI intracytoplasmatic sperm injection 
IVF in vitro fertilization 
IVP in vitro production 
LAD lamina associated domains 
LH luteinizing hormone 
LigI ligase I 
LINE-1 long interspersed element 1 
lncRNA long non-coding RNA 
LOS large offspring syndrome 
Mbd4 methyl CpG binding domain protein 4 
mESC mouse embryonic stem cells 
MMR mismatch repair 
mPN maternal pronucleus 
NER nucleotide excision repair 
NHEJ non-homologous end-joining 
NLB nucleolar-like bodies 
NTH1 endonuclease III-like protein 1 
NuRD nucleosome remodelling and histone deacetylation 




OGG1  8-oxoguanine DNA glycosylase 1 
PARP1 poly(ADP-Ribose)-Polymerase 1 
PCNA proliferating cell nuclear antigen 
PGC primordial germ cells 
PGCLCs PGC-like cells 
PIKK phosphatidylinositol 3-kinase-like protein kinase 
PMF primordial follicle 
PNKP polynucleotide kinase/phosphatase 
Polβ polymerase beta 
pPN paternal pronucleus 
Pramel7 PRAME-like 7 
PRC polycomb repressive complex 
PRDM14 PR domain containing 14 
PTEN phosphatase and tensin homolog deleted on chromosome 10 
PTM posttranslational modification 
ROS reactive oxygen species 
RPA replication protein A 
SCNT somatic cell nuclear transfer 
SINE short interspersed nuclear element 
SMUG1 single-strand-selective monofunctional uracil glycosylase 1 
SOX2 sex determining region Y-box 2 
SRS Silver-Russel syndrome 
SSA single strand annealing 
SSB single strand break 
TDG thymine DNA glycosylase 
TET ten-eleven translocation 
TFIIH transcription factor II H 
TNP transition protein 
TOP2B topoisomerase 2B 
TP53BP1 tumour suppressor p53-binding protein 1 
UHRF1 ubiquitin-like plant homeodomain and RING finger 1 
UNG uracil glycosylases 




Xp paternal X-chromosome 
XRCC1 X-ray repair cross-complementing protein 1 
ZGA zygotic genome activation 
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1.1 Epigenetic regulation 
In 1942 Waddington coined the term epigenetics, which he defined as changes in 
phenotype without changes in genotype, to explain aspects of development for which 
there was little mechanistic understanding (Allis and Jenuwein, 2016). Today, epige-
netics refers to the study of changes in gene function that are mitotically and/or meiot-
ically heritable and that do not entail a change in DNA sequence. 
The best known epigenetic modifications are DNA methylation and histone post-
transcriptional modifications, including methylation, acetylation, ubiquitination and 
phosphorylation (Jenuwein and Allis, 2001). In the following sections, I will describe 
in details how DNA methylation is regulated and its functional impact in cellular pro-
cess (see 1.1.1). The establishment and role of histone modifications will be described 
in the context of gametogenesis and early embryogenesis (see 1.4 and 1.5). 
1.1.1 DNA methylation  
DNA methylation is a heritable epigenetic mark involving the covalent transfer of a 
methyl group to the C-5 position of the cytosine ring by DNA methyltransferases 
(DNMTs), which use S-adenosyl-L-methionine (SAM) as methyl group donor (Fig. 
1). In plants, cytosines are methylated in both symmetrical (CG or CHG) and asym-
metrical (CHH, where H is A, T, or C) contexts. In mammals, approximately 70–80% 
of the cytosines in CpG dyads are methylated on both strands. In general, CpG meth-
ylation is highly prevalent in repetitive sequences and in gene bodies but rare at CpG 
islands within housekeeping promoters (Ambrosi et al., 2017; Chen and Riggs, 2011). 
In mammals, DNA methylation is involved in the repression of single genes or entire 
chromosomes (as in the case of X chromosome inactivation) and is essential for ge-
nomic imprinting by guiding allele-specific gene expression. Moreover, DNA meth-
ylation is required for the silencing of repetitive elements, thereby maintaining ge-
nome stability. Defects in DNA methylation are closely associated with cancer; epi-
genetic hallmarks of cancer include global DNA hypomethylation and locus-specific 





Figure 1. Key players in the DNA methylation and demethylation pathway. De novo methylation is estab-
lished via DNMT3A/B mediated addition of a methylgroup to the 5th carbon at the cytosine base. DNA methyla-
tion is maintained through the presence of DNMT1 that is present during replication. Image taken from (Ambrosi 
et al., 2017). 
In mammals, three conserved DNA methyltransferases (DNMTs) are responsible for 
DNA methylation (Fig. 2) (Li et al., 1992a; Okano et al., 1999a). 
DNMT3A and DNMT3B are the de novo methyltransferases whereas DNMT1 is the 
maintenance DNA methyltransferase (DNMT1) (Goll and Bestor, 2005). Recently, 
DNMT3C has been identified as a new member of the DNMT family (Barau et al., 
2016). Dnmt3C is a de novo DNA methyltransferase gene that evolved via a duplica-
tion of Dnmt3B in rodent genomes and was previously annotated as a pseudogene. 
DNMT3C is the enzyme responsible for methylating the promoters of evolutionarily 
young retrotransposons in the male germ line and this specialized activity is required 
for mouse fertility (Barau et al., 2016). 
 
 
Figure 2. The structure of DNA methyltransferase proteins. Domain architecture of DNA methyltransferase 1 
(DNMT1), DNMT3A1, DNMT3A2, DNMT3B and DNMT3‑like (DNMT3L) and major DNMT3A splice 
isoforms. DNMT3B has also a number of additional isoforms that are not depicted here. Protein length is indicated 
(length given as number of amino acids). Domain abbreviations: ADD, ATRX‑DNMT3‑DNMT3L (related to the 
plant homology (PHD)-like domain of regulator ATRX); BAH, Bromo adjacent homology domain; DMAP, 
DNMT1-associated protein; PWWP, Pro-Trp-Trp-Pro. MT is the catalytic methyltransferase domain, and I, IV, 
VI, IX and X are motifs in the catalytic domain: motif I allows the binding of the methyl group donor S-adenosyl 
methionine. Motifs I and X are for cofactor binding, and motifs VIII and IX are for DNA binding. Image taken and 




All DNMTs share a similar, multi-domain architecture. The variable N-terminus con-
tains several regulatory domains and the C-terminal regions harbour the catalytic me-
thyltransferase (MT) domain (Fig. 2). The N-terminal domains strongly differ be-
tween DNMT1 and DNMT3 proteins and could play an important role in specifying 
their activity along the genome (Ambrosi et al., 2017). For example, the N-terminal 
part of DNMT1 contains domains that mediate anchoring to the replication fork 
(Leonhardt et al., 1992; Suetake et al., 2006). 
Since DNA methylation is highly dynamic and varies in a global and local context, 
DNA methylation removal is considered as an integral part of the epigenetic regulato-
ry network (Ambrosi et al., 2017). DNA methylation can be removed through several 
mechanisms. Passive DNA demethylation is achieved via DNA replication in the ab-
sence of DNMT1 activity. Active DNA demethylation has been proposed to be a mul-
tistep process that is initiated by modifications of the methylated cytosine or methyl 
group, followed by removal of the modified base via a DNA repair mechanism. 
The details of DNA methylation and DNA demethylation processes are described in 
the following paragraphs. 
1.1.1.1. De novo DNA methylation 
DNMT3A and DNMT3B establish de novo DNA methylation (Law and Jacobsen, 
2010). DNMT3L lacks the catalytic C-terminus and is therefore catalytically inactive 
but through its interaction with other de novo DNMTs is able to modulate their activi-
ty (Jurkowska et al., 2011; Ooi et al., 2007; Wu and Zhang, 2014). Deletion of 
Dnmt3b in mice is embryonically lethal whereas Dnmt3a-/- mice survive to full term 
and die around 4 weeks of age (Okano et al., 1999a). In mice, DNMT3A is mainly 
expressed in oocytes and early embryos, being responsible for establishing the im-
prints in both gametes. DNMT3B is expressed in later pre-implantational embryos 
and plays a role after the zygotic genome activation and the establishment of the 
methylation mark after embryonic reprogramming. 
The most N-terminal part of DNMT3A and DNMT3B is highly variable and is in-
volved in interactions with DNA and nucleosomes (Jeong et al., 2009) (Fig. 2). The 
ATRX-DNMT3-DNMT3L domain of DNMT3A, DNMT3B, and DNMT3L interacts 
with histone H3 tails and this association is blocked by the methylation of the lysine-4 
residue of histone (H3K4me3) (Ooi et al., 2007; Otani et al., 2009). The PWWP do-




histone H3 lysine-36 trimethylation (H3K36me3) in vitro and in vivo (Baubec et al., 
2015; Dhayalan et al., 2010) and is also required for the localisation to pericentromer-
ic repeats (Chen et al., 2004). In contrast, DNMT3C and DNMT3L lack the PWWP 
domain (Barau et al., 2016). The shorter isoform of DNMT3A that is predominantly 
expressed in embryonic stem cells, DNMT3A2, also lacks the PWWP domain (Chen 
et al., 2002). Recent analyses revealed that DNMT3A isoforms (DNMT3A1 and 
DNMT3A2) differ in their genomic binding and DNA methylation activity at regula-
tory sites (Manzo et al., 2017). The longer isoform DNMT3A1 preferentially localizes 
to the methylated shores of bivalent CpG island promoters in a tissue-specific manner 
and coincides with elevated hydroxymethylcytosine (5-hmC) deposition, suggesting 
an involvement of this isoform in mediating turnover of DNA methylation at these 
sites.  
1.1.1.2. Maintenance of DNA methylation  
DNA methylation is a heritable epigenetic mark. Maintenance of DNA replication 
during cell division is mediated by DNMT1. Deletion of mouse Dnmt1 is lethal 
at/after gastrulation (Li et al., 1992a). In mice, the Dnmt1 locus encodes two function-
ally identical isoforms: a somatic (Dnmt1s) and an oocyte-specific isoform (Dnmt1o) 
(Gaudet et al., 1998; Mertineit et al., 1998). 
 
Figure 3. Model depicting the maintenance of CG methylation during replication. DNMT1 is proposed to be 
recruited to replication foci through interactions with UHRF1 - a SET- or RING-associated (SRA) domain protein 
that specifically interacts with hemimethylated DNA - and with proliferating cell nuclear antigen (PCNA). After 
being recruited, DNMT1 functions to maintain methylation patterns by restoring the hemimethylated DNA to a 
fully methylated state. Black and white circles represent methylated and unmethylated cytosines, respectively. 
Image taken and modified from (Law and Jacobsen, 2010). 
 
Due to the semiconservative nature of DNA replication, a DNA sequence carrying 
symmetrical methylation marks on both strands gives rise to two hemi-methylated 
double strands (Fig. 3). During replication DNMT1 is targeted to hemimethylated 




main, located at the N-terminus, displays a preferential binding to unmethylated CpG 
dinucleotides while inhibiting the binding of the active site of DNMT1 to the DNA, 
thus preventing de novo methylation (Song et al., 2011a). DNMT1 associates with 
replication foci (Edwards et al., 2017; Leonhardt et al., 1992; Urieli-Shoval et al., 
1983). Early studies showed that DNMT1 is recruited to replication foci by an inter-
action with the proliferating cell nuclear antigen (PCNA) component of the replica-
tion machinery (Chuang et al., 1997). However, disruption of this interaction only re-
sulted in a minor reduction in DNA methylation (Spada et al., 2007).  
DNMT1 was shown to interact with ubiquitin-like plant homeodomain and RING fin-
ger 1 (UHRF1) protein (Bostick, 2007; Kishikawa et al., 2003) (Fig. 3). UHRF1 binds 
to hemimethylated DNA and facilitates the targeting of DNMT1 to hemimethylated 
DNA (Bostick, 2007). The SET- or RING-associated (SRA) domain of UHRF1 spe-
cifically binds to hemimethylated CG dinucleotides (Arita et al., 2008; Hashimoto et 
al., 2008). Mutations in UHRF1 cause a severe decrease in DNA methylation and 
have led to a model in which UHRF1 recruits DNMT1 to hemimethylated DNA 
(Bostick, 2007; Sharif et al., 2007). 
The functional separation of de novo and maintenance DNMT activities is, however, 
not completely tight as originally thought. Studies in Dnmt3a/3b deficient mouse em-
bryonic stem cells (mESCs) revealed that DNMT1 alone was not sufficient to com-
pletely maintain DNA methylation levels, suggesting that de novo methyltransferase 
activities are also required for fully maintenance of DNA methylation (Chen et al., 
2003; Liang, 2002). 
1.1.1.3. Passive and active DNA demethylation 
Although in most cases DNA methylation is a stable epigenetic mark, reduced levels 
of methylation are observed during development in plants and mammals. This net loss 
of methylation can either occur passively, by replication in the absence of functional 
maintenance methylation pathways, or actively, by removing methylated cytosines. 
Passive demethylation takes place in a replication dependent manner in the absence of 
the maintenance methylation (Howlett and Reik, 1991; Rougier et al., 1998). Passive 
mechanism depends on repeated DNA replication and therefore cannot account for 
the rapid loss of DNA methylation in slowly or non-dividing cells. Furthermore, this 
mechanism does not allow locus-specific, but only global, removal of DNA methyla-




The existence of mechanisms for active DNA demethylation was proposed to explain 
the global reduction in DNA methylation in the absence of replication. Important ex-
amples are the demethylation of paternal pronuclei (pPN) in pre-replicative zygotes 
and during the epigenetic reprogramming of primordial germ cells (PGCs) (Hajkova, 
2002; Mayer et al., 2000; Oswald et al., 2000; Sasaki and Matsui, 2008). In contrast to 
the enzymatically controlled, straightforward methylating mechanism, a direct DNA 
demethylase capable of breaking carbon-carbon bonds has not been identified. In-
stead, several alternative, active demethylation mechanisms have been proposed (Wu 
and Zhang, 2010). There is a certain consensus that active DNA demethylation is a 
multistep process that is initiated by modifications at cytosines followed by their re-
placement by DNA repair-mediated mechanisms.  
 
Figure 4. The step-wise cytosine modification pathway that includes cytosine methylation by DNMTs and 
iterative oxidation of 5mC by TET proteins. As Fe(II)/α-ketoglutarate (α-KG)-dependent dioxygenases, TET 
proteins use a base-flipping mechanism to flip the target base out of the duplex DNA into the catalytic site. TET 
enzymes use molecular oxygen as a substrate to catalyse oxidative decarboxylation of α-KG, yielding CO2, en-
zyme-bound succinate, and a reactive high-valent Fe(IV)-oxo intermediate. The enzyme-bound Fe(IV)-oxo inter-
mediate reacts with 5mC/5hmC/5fC to generate 5hmC/5fC/5caC, with a net oxidative transfer of the single oxygen 
atom to the substrate, resulting in regeneration of the Fe(II) species. Base excision repair of 5mC (in plants) or 
5fC/5caC (in mammals) was proposed to complete DNA demethylation. In mammals, oxidized 5mC bases 
(5fC/5caC), could be excised by thymine DNA glycosylase TDG. TDG is a monofunctional DNA glycosylase, so 
other proteins are required to provide the AP lyase activity to remove the sugar ring to generate a single-nucleotide 
gap. Modified after (Wu and Zhang, 2014). 
5hmC and TET family of dioxygenases have been implicated in active DNA demeth-
ylation (Tahiliani, 2009). 5hmC was originally discovered in T2, T4, T6 bacterio-




5hmC (Fig. 4). Accordingly, in mouse embryonic stem cells (mESCs) 5hmC was de-
pendent on TET expression (Ito, 2010; Tahiliani et al., 2009). Iterative oxidation steps 
result in further oxidised intermediates like 5-formylcytosein (5fC) and 5-
carboxylcytosine (5caC) (He et al., 2011; Ito et al., 2011; Pfaffeneder et al., 2011) 
(Fig. 4). However, the abundance of 5fC and 5caC is at least one order of magnitude 
lower than 5hmC (He et al., 2011; Ito et al., 2011).  
 
 
Figure 5. Domain structure of TET proteins. The C-terminal core catalytic domain shared by all TET enzymes 
consists of the DSBH domain, a cysteine-rich (Cys) domain, and binding sites for the Fe(II) and 2-OG cofactors. 
The DSBH domain contains a large low-complexity region of unknown function. TET1 and TET3 have an N-
terminal CXXC domain that can bind directly to DNA and facilitate recruitment to genomic target sites. Taken 
from (Rasmussen and Helin, 2016). 
 
The TET protein family contains three family members TET1, TET2 and TET3 (Fig. 
5). TETs contain a core catalytic domain wherein, with the use of molecular oxygen, 
the oxidation of 5mC to 5hmC is driven (Kohli and Zhang, 2013). TETs belong to the 
family of Fe(II)/a-KG-dependent oxygenases and their enzymatic activity is con-
served between human and mice (Ito et al., 2010). All TET proteins contain a con-
served double-stranded β-helix (DSBH) domain, a cysteine-rich domain, and binding 
sites for the cofactors Fe(II) and 2-oxoglutarate (2-OG) that together form the core 
catalytic region in the C-terminus. Structural studies suggest that this core catalytic 
region preferentially binds cytosines in a CpG context but does not interact with sur-
rounding DNA bases and shows little or no specificity for flanking DNA sequences 
(Hashimoto et al., 2014; Hu et al., 2015). In addition to their catalytic domain, TET1 
and TET3 have an N-terminal CXXC zinc finger domain that can bind DNA. CXXC 
are supposed to bind unmethylated CpGs that might help the TET recruitment to 
CpG-rich promoters (Frauer et al., 2011; Ko et al., 2013; Lee et al., 2001; Xu et al., 




TET1 and TET2 are expressed during early embryonic development and in the inner 
cell mass (ICM). TET3 was shown to be highly expressed in oocytes and zygotes un-
til 2-cell stage. In zygotes, TET3 was mainly found on the paternal pronucleus where-
as TET1 and TET2 expression could be detected only later in development (Gu, 2011; 
Shen et al., 2014). The pattern of TET expression during gametogenesis and embryo-
genesis seems to be conserved among species, with the exception of sheep where 
TET3 expression was lower relative to mice (Jafarpour et al., 2017). Knockout (KO) 
of Tet1/2 resulted in surviving pups, but Tet1 KO led to a reduction in litter size, 
whereas Tet2 deletion increased the susceptibility to leukaemia (Dawlaty et al., 2011; 
Moran-Crusio et al., 2011). In mESCs double KO (Tet1/2) and triple KO (Tet1/2/3) 
decreased the global 5hmC level and DNA methylation was found increased at en-
hancers (Hon et al., 2014; Lu et al., 2014). 
TETs have been proposed to play a crucial role during active DNA demethylation of 
the paternal pronucleus (pPN) in zygotic development. The pPN of pre-replicative 
mouse zygotes contains substantial amounts of 5hmC but lacks 5mC and depletion of 
TET3 affects 5hmC and 5mC patterns (Gu, 2011; Iqbal et al., 2011; Wossidlo, 2011). 
However, these initial results were obtained with immunofluorescence (IF) analysis 
using antibodies specifically recognizing 5mC or 5hmC, which did not allow absolute 
quantifications. Recent studies have started to weaken the model by which TET-
mediated 5hmC is responsible for active DNA demethylation. Reduced representation 
bisulfite sequencing (RRBS) analysis estimated that around 75% of demethylated loci 
in the paternal pronucleus and around 87% of demethylated loci in the female pronu-
cleus do so by a replication-dependent mechanism with or without the activity of 
TET3 (Guo et al., 2014a). Moreover, recent results have revealed that in mouse zy-
gotes the loss of paternal 5mC and accumulation of 5hmC are temporally disconnect-
ed, with a first wave of DNA demethylation that is independent of 5hmC followed by 
zygotic de novo DNA methylation activities that trigger TET3-driven cytosine hy-
droxylation (Amouroux et al., 2016). Finally, it was recently shown that in mouse 
PCGs 5hmC was not a prerequisite for 5mC loss and that TET1 played a role in main-
taining but not driving DNA demethylation (Hill et al., 2018). Thus, the conversion of 
5mC to 5hmC might not implicit to active DNA demethylation. 
Several mechanisms have been proposed for the role in the DNA demethylation pro-




dilution of oxidized 5mC has been proposed due to the loss of 5hmC during preim-
plantation in a DNA replication-dependent manner (Inoue et al., 2011; Inoue and 
Zhang, 2011). Indeed, 5hmC may aid passive DNA demethylation even in the pres-
ence of DNMT1, which itself has low affinity for 5hmC hemimethylated DNA 
(Valinluck and Sowers, 2007). Accordingly, genome-scale DNA methylation maps 
for both the paternal and maternal genomes in mouse zygotes indicated that TET3 fa-
cilitates DNA demethylation largely by coupling with DNA replication (Shen et al., 
2014).  
It has also been proposed a DNA repair-mediated excision of modified 5mC as part of 
the active DNA demethylation process. Early studies have proposed that AID (activa-
tion-induced deaminase)/APOBEC (apolipoprotein B mRNA-editing enzyme com-
plex) family of cytidine deaminases may theoretically deaminate 5hmC to generate 5-
hydroxyuracil (5hmU) (Guo et al., 2011). The resulting 5hmUŊG mismatch can be 
repaired by DNA glycosylases such as TDG and SMUG1 (Cortellino et al., 2011). 
However, subsequent studies showed that AID/APOBEC proteins exhibit no detecta-
ble deaminase activity against 5hmC in in vitro biochemical assays or in cells overex-
pressing these enzymes, challenging the biochemical plausibility of this proposed 
mechanism (Nabel et al., 2012). One potential explanation for the negligible activity 
of AID/APOBEC on 5hmC is that the relatively bulky steric size of 5-position sub-
stituent may have a significant negative impact on deaminase activity (Wu and Zhang, 
2014). 
Several evidences exist that the base excision repair (BER) pathway might play a cru-
cial role in excising the modified cytosine base and replace it by an unmodified one. 
A similar mechanism was already observed in plants (Kohli and Zhang, 2013). For 
example, pharmacological inactivation of BER core components - APE1 (apuri-
nic/apyrimidinic endonuclease) and PARP1 (poly(ADP-ribose) polymerase family, 
member 1) - resulted in zygotes with significantly higher levels of DNA methylation 
in the paternal pronucleus (Hajkova et al., 2010). 5mC is prone to hydrolytic deami-
nation, resulting in the base thymine or uracil instead of cytosine, which leads to T:G 
mismatches and mutations in the genome. The two DNA glycosylases methyl-CpG 
binding domain 4 (MBD4) and thymine-DNA-glycosylase (TDG) were shown to be 
able to excise deamination products of 5mC, thereby creating an abasic site  
(Hardeland et al., 2001; Krokan et al., 2002; Zhu, 2009). Although both glycosylases 




the main driver in excising modified 5mC. TDG was shown to interact with several 
transcription factors, chromatin modifiers and DNMTs (Dalton and Bellacosa, 2012). 
Additionally, TDG was inevitable for early embryonic development and T:G mis-
matches, arising from the from the deamination of 5mC or 5hmC, are known sub-
strates of TDG (Cortazar et al., 2011; Cortellino, 2011; Guo et al., 2011). Further-
more, TDG robustly excises 5fC and 5caC in vitro, whereas no direct activity on ex-
cising C, 5mC and 5hmC could have been detected (He et al., 2011; Maiti and Drohat, 
2011). However, recent studies fail to detect a role in DNA demethylation mediated 
by TDG in embryo since TDG deletion from the zygote has not effect on DNA de-
methylation (Guo et al., 2014a). The glycosylase implicated in zygotic DNA demeth-
ylation remains yet to be identified.  
To summarize, two main pathways have been considered for the removal of oxidised 
5mC forms, either TDG/BER dependent mechanisms or replication dependent dilu-
tion. However, alternative mechanisms have been proposed for the active loss of 
modified cytosines, including the ability of DNMT3A and DNMT3B to directly de-
hydroxylase 5hmC (Chen et al., 2012) and the direct decarboxylation of 5caC 
(Schiesser et al., 2012). Both reactions result in an unmodified C without the contri-




1.2 Gametogenesis  
A Gamete is a cell that contains a haploid set of chromosomes and possess the ability 
to fuse with another gamete in sexually reproducing organisms in order to form an 
embryo. Each sex of sexually reproducing organisms produces a distinct type of gam-
ete. The gamete produced by the female organism is called oocyte and the male coun-
terpart is referred to as sperm. Both gametes differ in morphology, in cellular content, 
their maturation process and their reproductive capability.  
The maturation process of sperm and oocytes is called gametogenesis, which is a mul-
tistep process that includes the proliferation and differentiation of primordial germ 
cells (PGCs) in order to form the mature gametes. 
In mice, ~30-40 PGCs appear on embryonic development day 7.5 (E7.5) in the extra 
embryonic mesoderm (Ginsburg et al., 1990). PGCs further migrate to the genital 
ridges, the precursor of the gonads, and at around E10.5 ~1000 PGCs colonize the 
embryonic gonadal primordia (Saitou and Miyauchi, 2016). Germ cell derived tran-
scription factors like BLIMP1, PRDM14, OCT4 or NANOG were shown to be detri-
mental for proliferation, migration and survival of the germ cell progenitors (Sánchez 
and Smitz, 2012). During the migration to the genital ridges, sex determination starts, 
whereby the “default” gender seems to be female. Differentiation to testes is only in-
duced under the influence of the Y-linked gene Sry, since XX gonads lack the SRY 
they differentiate towards the uterine fate (Bowles and Koopman, 2010). Thus, the 
differentiation of germ cells into either oocytes or spermatozoa is not dependent on 
the set of chromosomes but depends rather on the differentiated form of the genital 
ridges. Therefore XY germ cells can give rise to oocytes when the genital ridges dif-
ferentiated into ovaries and XX germ cells can differentiate to sperm in a XY envi-
ronment (Bowles and Koopman, 2010). The male PGCs proliferate in the embryonic 
testes until they undergo mitotic arrest and further differentiate at E13.5 into pro-
spermatogonia. The female PGCs in contrast are arrested in the first meiotic prophase 






Figure 6. Gametogenesis within the mouse life cycle. PGC precursor cells are first observed around E6.0, differ-
entiating in a small PGC founder population (20 cells) that arises around E7.25. They proliferate very fast and 
double within 16 hours, until they stop proliferation around E13.5. The following cycle of oocyte and spermatozoa 
maturation contains the onset of meiosis, where only one replicative cycle is followed by two meiotic divisions in 
order to form a haploid mature gamete. The timing and outcome of the meiotic cycle is sex-specific and results in 
4 haploid mature spermatozoa constantly produced during lifetime of a male individual but results in only one 
mature oocyte and its polar bodies that are extruded prior to fertilization after puberty in the female organism. 
Folliculogenesis is a major factor driving oogenesis. Several epigenetic factors are also involved in successful 
gametogenesis that will be discussed in detail later. Taken from (Saitou and Miyauchi, 2016). 
 
Spermatogonial stem cells (Type A spermatogonia) are present throughout the repro-
ductive lifespan in males. After birth, spermatogonial precursors are constantly re-
cruited for undergoing differentiation, leading to a constant production of mature 
spermatozoa. In contrast, in females, the oocyte progenitors are arrested in prophase 
of meiosis I in primordial follicles and they become activated in a cyclic manner after 
puberty during the female reproductive cycle, in doing so folliculogenesis plays a 
bearing role (Fig. 6). The onset and duration of the different phases in mitosis and 
meiosis differ substantially in spermatogenesis and oogenesis and will be discussed in 
more details in the following paragraphs. 
Gametogenesis starts with a plethora of mitotic cycles leading to the proliferation of 
the germ cells. Mitosis starts after a replication cycle is finished; the two sister chro-
matids in one cell become separated in order to form two genetically identical daugh-
ter cells. Mitosis is subdivided in several phases, starting with the prophase right after 
replication, where the replicated chromosomes condense and the mitotic spindle is 
assembled. In the following stage the nuclear envelope is destroyed and the chromo-
somes are attached to the spindle apparatus. Once attached to the spindle, the chromo-
somes are arranged in the equatorial plane of the cell, where each sister chromatid as-
sembles with the opposite pole of the cell. During anaphase the chromosomes sepa-
rate by shortening the kinetochore microtubules and the cell poles start to diverge 




pulls the sister chromatids apart to the opposite poles of the cell. Telophase marks the 
end of mitosis when the daughter chromosomes arrive at the spindle poles and a new 
nuclear envelope is reassembled. The stretched shape of the cell facilitates the con-
striction of the cell that is driven by actin and myosin filaments. Cytokinesis divides 
the cytoplasm and leads to the formation of two daughter cells containing one nucleus 
with a diploid set of chromosomes each (Alberts et al., 2008). 
Meiosis is a highly specialized cell division process in sexual reproducing species on-
ly taking place during gametogenesis (Fig. 7). Pre-meiotic S-phase produces gamete 
precursors with a diploid set of chromosomes. Completion of S phase prior to meiosis 
takes longer than an usual S phase in mitosis. The reason might be the establishment 
of chiasmata that pair the homologous chromosomes to perform meiotic recombina-
tion and accurately separate the homologous chromosomes during meiosis (Handel 
and Schimenti, 2010). The prophase of the first meiotic division is subdivided into 
different sub-stages according to the structure and configuration of the chromosomes. 
In the leptotene stage, the homologous chromosomes are aligned but not yet paired. In 
this time, a scaffold complex is built consisting of several proteins, including SPO11, 
Mre11, Rad50 and NBS1 that induces programmed DNA double strand breaks neces-
sary for the following meiotic recombination. Activation of the homologous repair 
and the recombinase machinery is triggered by these breaks and is an essential step 
for the further segregation of the chromosomes.  
At the zygotene stage, the pairing of the chromosomes is completed and synapsis, the 
correct positioning of the chromosomes is initiated. Synapsis and recombination are 
completed in pachytene stage. Finally, the diplotene stage with desynapsis and the 
condensation of the chromosomes marks the end of the prophase (Handel and 
Schimenti, 2010). Meiotic recombination ensures genetic variety within the popula-
tion (Handel and Schimenti, 2010). Missing crossover in the first meiotic division can 
lead to inaccurate separation of the chromosomes, which subsequently might result in 
aneuploidy. In human, gametic aneuploidy is the most common form of aneuploidy 
and mostly arises during the first meiotic division in oogenesis. Male and female mei-
otic division results in sex-specific outcomes. In male organisms, the first meiotic di-
vision leads to two secondary spermatocytes whereas only one secondary oocyte with 






Figure 7. Gametogenesis. PGCs first undergo sex determination followed by several mitotic cycles. Spermatogo-
nia further differentiate to primary spermatocyte while entering the meiotic cycle. Primary spermatocytes further 
differentiate into two diploid secondary spermatocytes and result after the second meiotic cycle in four haploid 
spermatids that undergo spermiogenesis, the last maturation step. Primary oocytes are arrested in prophase of mei-
osis I, resuming meiosis leads to the extrusion of the first polar body and during the second meiotic cycle a second 
polar body.  
 
The first meiotic division is followed by a second meiotic division, where the sister 
chromatids loosen theirs contacts and become separated. The onset and the outcome 
of the second meiotic division are sex-specific. In males, this second meiotic division 
occurs directly after the first one and results in four haploid spermatids. In deep con-
trast stands the female organism, where the second meiotic division is performed in 
the context of the female reproductive cycle starting with puberty. The second meiotic 
division in females results in a haploid oocyte and a second polar body that is extrud-
ed during maturation (Handel and Schimenti, 2010) (Fig. 7). The following para-




In mice, around E13.5, the gonads are colonized and female PGCs undergo several 
mitotic divisions with an incomplete cytokinesis that results in the formation of “germ 
cell cysts” or “germ cell nests” (Pepling, 2006). Once the nests are established, mito-





Figure 8. Oogenesis and folliculogenesis. Oogenesis starts with the colonization of the genital ridges with oogo-
nia. Pre-mature oocytes are arranged in nests. During the formation of the primordial follicle, the oocyte stays 
meiotically arrested. Several factors reactivate the folliculogenesis during the female reproductive cycle. When an 
antral cavity is formed, the follicle matures in a gonadotropin dependent manner until the mature oocyte is released 
from the ovulatory follicle. Taken from (Sánchez and Smitz, 2012). 
 
All the oocyte precursor cells start their meiotic program synchronously to become 
primary oocytes that further commit lineage specification according to the female- 
lineage specific program (Ginsburg et al., 1990; Handel and Schimenti, 2010). Start 
of meiosis is indicated with the start of the prophase, where homologous chromo-
somes pair and recombination or crossing over takes place. In the female reproductive 
tract, meiotic I prophase is arrested until puberty, when the oocytes start to mature 
within the female reproductive cycle induced by the luteinizing hormone (LH) surge 
that marks the start of the final maturation step by inducing ovulation (Handel and 
Schimenti, 2010; Hunt and Hassold, 2008). The later oocytes are still assembled in 
nests, which break down during meiotic arrest, and the oocytes become surrounded by 
pre-granulosa cells initiating primordial follicle (PMF) formation (Fig. 8). Folliculo-
genesis is a further milestone in oogenesis. During the nest breakdown many oocytes 
undergo apoptosis. Each PMF contains an oocyte arrested at the diplotene stage of the 
prophase of the first meiotic division that depicts the entire pool of germ cells during 
the whole female reproductive lifespan (Sánchez and Smitz, 2012). The PMFs be-
come activated by the signalling of the PTEN (phosphatase and tensin homolog delet-
ed on chromosome 10)/PI3K (phosphatidylinositol 3 kinase) pathway, that is involved 
in several cellular processes and is active in primordial and primary follicles (Cantley, 
2002). Disturbances in the PI3K pathway either lead to cell cycle arrest and apoptosis 
or alterations in the activation of PMFs (Castrillon et al., 2003; Liu et al., 2006). 




op into secondary pre-antral follicles, as a response to chemical signalling pathways 
of the oocytes and also of the surrounding cells. The anti-Mullerian hormone (AMH) 
is controlling the amount of PMFs being activated for further maturation and the ones 
that stay silent. Morphological changes occur on the surrounding flattened granulosa 
cells when PMFs develop to primary follicles, which are surrounded by single-layered 
cuboidal granulosa cells (Sánchez and Smitz, 2012). The development of the pre-
antral follicles, primordial, primary to the secondary follicular stage, seems to be gon-
adotropin (FSH, LH) independent (Fig. 8) and rather depend on locally secreted fac-
tors. Pre-antral follicles further develop into antral follicles this goes along with sig-
nificant morphological changes like the proliferation of pre-antral follicle granulosa 
cells, an increase in follicular size and the formation of an antral cavity (Fig. 8). Once 
the antral cavity is formed and the granulosa cells are differentiated into cumulus and 
mural cells, the oocyte receives the capacity of going further in oogenesis, by resum-
ing meiosis. The further antral stages of folliculogenesis and the ovulation are gonad-
otropin dependent, at which only a small amount of these antral follicles responds to 
the signalling of the pituitary hormones, the follicle-stimulating hormone (FHS) and 
the luteinizing hormone (LH) and start growing to the dominant ovulatory follicle 
while the rest of the follicles undergoes programmed cell death (Pepling and 
Spradling, 2001). The remaining somatic cells after ovulation undergo a last step of 
differentiation by forming the corpus luteum (CL). The CL produces progesterone 
that is inevitably needed to maintain the presumable pregnancy. Follicle formation 
seems to be species-specific, in humans the formation of follicles is initiated prior 
birth, whereas in mice follicles are formed right after birth (Pepling, 2006).  
1.2.2 Spermatogenesis 
Spermatogenesis is the maturation of spermatozoa derived from PGCs (Fig. 9). Sper-
matogonial stem cells are rare (0.03 % of all germ cells) and represent the founder 
population for the following spermatogenesis process (Tegelenbosch and de Rooij, 
1993). In male mammals, spermatogonial stem cells are present from birth onwards, 
therefore mature spermatozoa can be continuously produced throughout the reproduc-






Figure 9. Spermatogenesis. PGCs undergo several mitotic divisions resulting in type A and B spermatogonia. 
Type A spermatogonia represent the stem cell pool, renewing the spermatogonial stock, whereas type B spermato-
gonia enter the meiotic cycle undergoing differentiation. The first meiotic cycle results in two diploid daughter 
spermatocytes, the result of the second meiotic division is four haploid secondary spermatocytes that further ma-
ture during spermiogenesis and are released to the lumen as mature spermatozoa. Taken from (Gunes et al., 2015). 
 
Spermatogenesis is divided into three phases. First, the proliferative phase, within 
which all the primitive germ cells (spermatogonia) undergo several mitotic divisions, 
resulting in pro-spermatogonia arrested in mitosis in the semniferous tubules. During 
this phase paternal epigenetic marks, such as imprints, are established (Kato, 2007; 
Kobayashi et al., 2013; Kubo et al., 2015; Seisenberger, 2012). Three types of sper-
matogonia exist. Type A spermatogonia is the most primitive undifferentiated stage 
and contains almost no heterochromatin in contrast to intermediate type spermatogo-
nia that contain some heterochromatin and Type B spermatogonia that harbour large 
amounts of heterochromatin. Type A spermatogonia represent the stem cell pool, hav-
ing stem cell properties such as self-renewal capacity and they are also able to differ-
entiate into intermediate type spermatogonia. 
The second phase of spermatogenesis is the meiotic phase. The first meiotic division 
is reductive and separates homologous chromosomes, producing two secondary sper-
matocytes (Hann et al., 2011). The second meiotic division occurs immediately after 
the first division resulting in an equatorial division and the separation of sister chro-
matids. The net result of this process is the production of four haploid spermatids. 




gous chromosomes pair and synapse. Prophase I is divided into four stages based on 
the morphology of the XY bivalent and the synaptic progression of the autosomal bi-
valents. The meiotic phase is followed by the finale maturation step called spermio-
genesis (Chocu et al., 2012). Spermiogenesis goes along with drastic chromatin re-
arrangements and structural changes. The process is divided into four phases: Golgi 
phase, the cap phase, formation of the tail and the maturation stage (Gunes et al., 
2015).  The head and axoneme formation is characterised by the Golgi phase. During 
this phase, spermatozoal DNA undergoes packaging with specific nuclear proteins 
called transition proteins, which will be then replaced by protamines. During the cap 
phase, the elongation of spermatid and acrosomal cap formation takes place, followed 
by the elongation of one of the centrioles by manchette, which is required for the dif-
ferentiation into the tail. The last stage is the phagocytosis of residual bodies by Ser-
toli cells. 
Spermatozoa are small cells with only a small amount of cytoplasma that carry the 
densely packed spermatozoal DNA. Sperm chromatin packaging is an important step 
in the maturation of spermatids, however the exact mechanism remains largely un-
known (Rathke et al., 2014). To reduce the volume of the sperm chromatin, the his-
tone-bound chromatin of the progenitor cells undergo replacement of the histones 
with protamines. Prior to protamination, the histones are replaced by specific nuclear 
proteins, transition protein 1 and 2 (Steger et al., 2001). In the later progress of matu-
ration, these proteins will then be replaced by protamines. Protamines are 5-8 kDa 
arginine-rich proteins and are expressed during late stage spermatogenesis in the 
sperm head (further details will be found in 1.4.3). The resulting highly condensed 
structure of chromatin has been proposed to protect the sperm chromatin during its 
transition from the male to the female genital tract and to a certain extent from oxida-
tive damage or even mechanical stress (Hwang and Lamb, 2012; McKAY et al., 
1986; Meistrich et al., 2003; Rooney and Zhang, 1999; Torregrosa et al., 2006). 
In the next step of spermiogenesis further morphological changes take place, such as 
the reduction of the cytoplasma, the formation of the sperm tail through elongation of 
one of the centrioles and the formation of an acrosomal cap that contains enzymes 
necessary for the fusion with the zona pellucida of the oocyte (Fig. 10). The for-
mation of the tail is indispensable for the progressive motility of the spermatozoa, 
which is needed to cover big distances within the female reproductive tract. The tail 




consists of four different parts: (1) the neck that contains two centrioles; (2) the mid-
piece that is surrounded by mitochondria, providing energy; (3) the principle piece 
consisting of fibre elements and (4) the end-piece. The sperm head contains the highly 
condensed chromatin that is released to the oocyte after fertilization. In the last matu-
ration step, phagocytosis occurs in order to phagocyte the residual bodies of Sertoli 
cells (Zini and Agarwal, 2012).  
 
 
Figure 10. Structure of a mature sperm. 1) Plasma membrane 2) Outer acrosomal membrane 3) Acrosome 4) 
Inner acrosomal membrane 5) Nucleus 6) Proximal centriole 7) Rest of the distal centriole 8) Thick outer longitu-
dinal fibres 9) Mitochondrion 10) Axoneme 11) Anulus 12) Ring fibre A) Head B) neck C) Mid piece D) Principal 







Fertilization refers to the fusion of the two haploid gametes that results in a zygote 
with a diploid set of chromosomes. Fertilization is a multifactorial process, involving 
the migration of the sperm through the female genital tract to the oviduct, where ferti-
lization takes place in mammals, followed by sperm penetration into the oocyte. After 
fertilization, the sperm chromatin undergoes drastic structural and epigenetic changes, 
such as the replacement of the protamines with maternally provided and newly syn-
thesized histones or the active loss of DNA demethylation (the details of this process 
is described in 1.5) (Hwang and Lamb, 2012; Meistrich et al., 2003). Although both 
the gametes provide their own haploid genome for the formation of the zygote, all ad-
ditional components such as RNAs and proteins derive from the maternal oocyte 
(Zhou and Dean, 2015).  
 
Figure 11. Embryogenesis in mice. After fertilization the zygote is formed. During the first several cell cleavag-
es, the size of the embryo is not increased. The formation of the blastocyst goes along with several morphological 
changes and consists of cells of three cell lineages. Gastrulation is an important step in establishing the body plan 
of the growing embryo and is initiated after implantation. Following gastrulation the organs are formed during 
organogenesis. Taken from (Kojima et al., 2014).  
 
During the first cleavage stages, embryos show no increase in cell size. This results in 
a distribution of the initial amount of cytoplasm to the daughter cells during every cell 
division and the female factors are supposed to drive this development. The blasto-
meres undergo severe morphological changes like cell polarization, flattening and gap 
junction formation and at a certain time point (species specific) the embryonic ge-
nome becomes activated (Fig. 11) (Zhou and Dean, 2015). 
The last stage in pre-implantational embryo development is the formation of the blas-
tocyst. The blastocyst is characterized by the formation of a blastocoelic cavity that is 




(Motosugi et al., 2005). The blastocyst consists of three different cell types: 
trophectoderm (TE), the epiblast (EPI) and the primitive endoderm (PrE) (Fig. 11). 
Lineage specification for the future trophectodermal cells already takes place at the 4th 
and 5th cell division and they become connected by the formation of tight junctions 
and desmosomes. PrE cells specify during the 5th and 6th division (Aiken et al., 2004; 
Morris et al., 2010). While the blastocyst hatches out of the zona pellucida, the ICM 
forms two distinct cell populations. The most ventral layer becomes flat, separates 
from the rest of the ICM cells and forms the hypoblast. The hypoblast grows further 
along the trophectodermal cells within the inside of the blastocyst and counts as the 
primitive endoderm. The primitive endoderm and the throphectodermal cells give rise 
to the extraembryonic tissue, such as placenta (Tam and Loebel, 2007). The dorsal 
layer establishes the epiblast. These cells derive from the ICM and give rise to the 
three germ layers, endoderm, mesoderm and ectoderm (Oestrup et al., 2009).  
After fertilization and prior to implantation, the embryo is transported from the ovi-
duct to the uterus, where the embryo becomes implanted. After implantation, the pre-
implantational epiblast undergoes morphological changes that lead to the formation of 
a post-implantational epiblast (Fig. 11). Subsequently, coordinated cell movements 
during gastrulation form distinct germ layers that differentiate into the various cell 
types of the tissue in a mature organism. Gastrulation is an important step during em-
bryogenesis, placing the precursor cells in the correct place in the growing embryo to 
initiate correct organogenesis. Gastrulation starts with a local cellular invasion, form-
ing the primitive streak (Kojima et al., 2014). The timing of the onset of gastrulation 
widely varies among species. For example the onset of the first cell cycles in Xenopus 
laevis (35 minutes post-fertilization (pf)), Danio rerio (15 minutes pf) and Drosophila 
melanogaster (15 minutes pf) leads to the initiation of gastrulation within hours after 
fertilization. In contrast, mammals have long cell cycles, where the first cleavage oc-
curs only days after fertilization with the initiation of gastrulation 5-6 days after ferti-
lization (Lee et al., 2014). After implantation the embryo undergoes dramatic changes 
in shape and size, whereby the volume increases about 40 fold due to the formation of 
tissue establishing the future extra-embryonic ectoderm (Tam and Behringer, 1997).  
Organogenesis takes place at the end of gastrulation and is completed at the time of 
birth. Organogenesis-related genes initiate processes like vasculogenesis, organ for-




sis (Fig. 11). Overall, organogenesis shifts the expression pattern away from pluripo-
tency towards a more differentiate expression program. 
1.3.1 Embryonic genome activation 
Maternal to zygotic transition is an embryonic reprogramming event where the mater-
nal transcription program is erased and a new embryonic program is established. The 
process of embryonic genome activation (EGA) is a stepwise process that requires 
structural and epigenetic changes on the chromatin. The gametes themselves are not 
(paternal) or only reduced (maternal) transcriptionally active. The start of embryonic 
genome activation differs among species, although embryonic genome activation dis-
plays a very important point during early embryonic development (Lee et al., 2014).  
Zygotic genome activation in mice is the earliest amongst vertebrates and is seen from 
1-cell stage on (Hamatani et al., 2004). Embryonic genome activation in pigs and cat-
tle was shown to start not earlier than 4-cell stage (Bjerregaard et al., 2007; Braude et 
al., 1988; Graf et al., 2014). EGA is not even conserved within ruminants, since in 
sheep it was shown to start earliest at 8-cell stage (Crosby et al., 1988). 
Mammalian embryonic genome activation is a stepwise process, whereby an earlier 
minor (800 genes) genome activation is followed by a major (3500 genes) wave of 
genome activation. The human genome is also activated in a minor wave at 1-cell 
stage followed by the major wave at 4-8 cell stage (Lee et al., 2014). There exist two 
general models of embryonic genome activation, the first the “nucleocytoplasmic 
(N/C) ratio” model claiming that the increase in nuclear material relative to the con-
stant cytoplasm volume allows transcriptional repression, therefore these mostly ma-
ternal derived factors must be erased before transcription starts (Newport and 
Kirschner, 1982a, b). The second model is suggested as being a “maternal clock” that 
is independent on cell divisions but is triggered through the quantity and activity of 
maternal factors that, when reaching a certain level, enable transcription (Howe et al., 
1995). 
Independently of these models, the EGA depends on cell cycle regulation, chromatin 
structure and the activity of transcription factors. It was demonstrated in Xenopus and 
Drosophila that the cell cycle establishes a hierarchy of zygotic activated genes by 
transcribing short genes during the first short cell cycles, whereas longer genes are 




The timing of EGA also depends on the chromatin state (see also 1.5). Upon fertiliza-
tion, the protamines in the paternal pronucleus are rapidly replaced by histones pro-
vided by the oocyte. These newly inserted histones contain transcriptional permissive 
histone marks, like H4 hyperacetylation, H3K9me and H3K27me. It has been pro-
posed that the chromatin structure of the paternal genome (uncondensed relative to 
the maternal pronucleus and containing histone modified with active histone marks) 
might be the reason why, prior to the fusion of both genomes in mid/late S-phase, the 
paternal pronucleus contributes to the minor zygotic genome activation whereas the 
maternal pronucleus remains transcriptionally silent (Lee et al., 2014). Histone ex-
change plays also a major role during embryogenesis, since the gametic histones of 
the parental chromatins are replaced by somatic histone variants during replication. 
Transcription factors are clearly playing an essential role during EGA, by binding to 
repressed chromatin and thus inducing remodelling that leads to open chromatin and 
the binding of the transcription machinery to the promoters (Lee et al., 2014). All in 
all, EGA is a multifactorial process that needs to be highly coordinated to ensure an 




1.4 Chromatin and epigenetic modifications in gametes 
In mice, primordial germ cells (PGCs), the precursors of both sperm and oocyte, arise 
from the extra-embryonic mesoderm at E7.25 (Saitou et al., 2002). Human PGCs 
(hPGCs) are specified around E12–E16 (developmental week 2) (von Meyenn et al., 
2016). The nascent PGCs are successors of epiblast cells and as such they acquired 
layers of epigenetic information including DNA methylation and numerous histone 
modifications in a manner similar to other epiblast cells that will give rise to the soma 
(Hajkova, 2011). For example, early PGCs harbour mono-allelic parent-of-origin-
specific differential methylation marks at imprinted genes. Therefore, PGCs must re-
set their epigenome in order to suppress the somatic gene expression, including the 
erasure of the inherited imprinting marks followed by the establishment of new ones 
appropriate to their own sex. Epigenetic reprogramming involves erasure of DNA 
methylation, changes in histone modifications and histone variant composition as well 
as major changes in the nuclear architecture (Fig. 12). 
Around E10.5-E11.5, following migration into the developing gonad, PGCs undergo 
genome-wide DNA demethylation, which includes erasure of genomic imprints as 
well as reactivation of the inactive X chromosome (Xi) in female embryos. At the 
time of sex determination in the fetal gonads, which in mice occurs at around E12.5, 
global DNA methylation levels are very low, and the methylomes of male and female 
primordial germ cells (PGCs) are very similar (Guibert et al., 2012; Seisenberger et 
al., 2012). This is the point where the epigenome reaches its most ‘naive’ state during  
development and represents the starting platform for the acquisition of new epigenetic 
information and genomic imprints that will be transmitted to the next generation 
through mature gametes (Hajkova, 2011). Establishment of de novo methylation pro-
ceeds in very different manners in the male and female germ lines. In the female germ 
line, cell division ceases and maternal imprints are asynchronously restored in the ab-
sence of any DNA replication, during post-natal oocyte growth (Lucifero et al., 2004; 
Obata and Kono, 2002). In male germ cells, de novo methylation of paternally im-
printed genes is initiated at around E14.5 but occurs gradually and is only completed 
postnatal (Davis et al., 2000; Li et al., 2004).  
Epigenetic modifications established during gametogenesis regulate transcription and 
other nuclear processes in gametes, but also have influences in the zygote, embryo 





Figure 12. Germ cell development and the accompanying epigenetic modifications. PGC precursors migrate 
from the embryonic ectoderm to the future gonads. During this migration the somatic epigenetic pattern become 
erased, including imprint erasure and X-chromosome reactivation. Once the sex differentiation is performed, the 
respective gamete progenitors undergo sex-specific re-establishment of epigenetic marks. Taken from (Sasaki and 
Matsui, 2008).  
 
1.4.1 Regulation of DNA methylation in gametogenesis 
Studies in mice revealed that at E11.5, soon after their entry into the genital ridges, 
PGCs start to undergo pronounced changes in their nuclear architecture connected 
with the decondensation of heterochromatin, loss of chromocentres and increase in 
nuclear size (Hajkova et al., 2008). It has been suggested that epigenetic reprogram-
ming in PGCs is divided in an early and a late phase. The early phase takes place dur-
ing proliferation and migration of the PGCs to the genital ridges, whereas the late 
phase is a post-mitotic phase that starts once PGCs arrived at the genital ridges 
(Seisenberger, 2012; Vincent et al., 2013) (Fig. 13).  
In the case of DNA methylation, the initial loss takes place before or during PGC mi-
gration to the genital ridges and seems to be due to dilution within the numerous rep-
licative cycles. In contrast, sequences that carry long-term epigenetic memory (im-
prints, CpG islands on the X chromosome, germline-specific genes) only become de-
methylated upon entry of PGCs into the gonads (E11.5 and E12.5) (Guibert et al., 






    
Figure 13. Biphasic demethylation dynamics in mouse PGCs. PGCs harbour high levels of somatic 5mC 
(green). During migration the 5mC levels are diluted by several replication cycles. After migration, the PGCs un-
dergo a predominant active DNA demethylation cycle. Taken from (Messerschmidt et al., 2014). 
 
Other studies, however, have suggested that the demethylation is taking place at the 
same time as the global demethylation wave (Kagiwada et al., 2013; Lee et al., 2002). 
Downregulation of de novo and maintenance DNA methyltransferase machineries 
(DNMT3A, DNMT3B and UHRF1) also cooperates in the global loss of DNA meth-
ylation (Kagiwada et al., 2013; Kurimoto, 2008; Seisenberger, 2012; Seki, 2005; 
Yabuta et al., 2006). Consequently, the 70% CG methylation found in the somatic 
precursor population of an embryo at E6.5 drops to approximately 5% methylation 
content in PGCs at E13.5 (Seisenberger et al., 2012). Because of the doubling time of 
post-migratory PGCs (approx. 16 h), it has been proposed that this phase of epigenetic 
reprogramming should include an active DNA demethylation process (Hajkova et al., 
2002). Interestingly, during this process the upregulation of key factors involved in 
the base excision DNA repair (BER) pathway has been observed (Hajkova, 2010). A 
possible involvement of DNA deaminases AID or APOBEC1 in the active DNA de-
methylation has been proposed. However, the genetic ablation of Aid has only limited 
impact on the 5mC levels in PGCs and the expression of Aid is detectable only after 
the wave of DNA demethylation (Popp et al., 2010). Thus, AID-dependent deamina-
tion might not be the driving force in demethylating these sequences (Messerschmidt 
et al., 2014). Moreover, the expression of the mismatch glycosylase Tdg is not detect-
able and loss of Mbd4 has no impact on germline development or fertility. The pres-




TETs in this process. However, recent results revealed that sequences depleted of 
5hmC in E10.5 and E11.5 PGCs still underwent demethylation, indicating that loss of 
DNA demethylation can be independent of 5mC oxidation to 5hmC (Hill et al., 2018). 
These data were supported by the fact that 5mC was depleted in E13.5 PGCs from 
both Tet1-/- mice and wild-type mice. Interestingly, PGCs from Tet1-/- mice showed 
that 5mC levels were higher at specific DNA regions in E12.5 and E14.5, suggesting 
that TET1-mediated 5mC oxidation causes locus-specific DNA demethylation in 
PGCs after global DNA demethylation. Of note, was the specific presence of 5hmC 
on a class of genes, thereafter named germline reprogramming responsive (GRR) 
genes, which were activated in both sexes at E10.5. The observation that (1) TET1 
associates with the promoters of GRR genes (Yamaguchi et al., 2012), (2) upregula-
tion of GRR genes was less marked in PGCs from TET1-/- mice and (3) the difference 
in GRR gene expression was detected before any differences in the DNA methylation 
of these genes, strongly suggests that TET1 might activate transcription independently 
of DNA methylation. These results were also consistent with previous observations 
showing that deficiency of TET1 did not greatly affect the genome-wide demethyla-
tion in PGCs, but lead to defective DNA demethylation and decreased expression of a 
subset of meiotic genes (Yamaguchi et al., 2012). Together these results revealed that 
gonadal epigenetic reprogramming entails complex erasure of epigenetic information. 
However, how active DNA demethylation is achieved remains elusive. 
 
At the time of sex determination in the fetal gonads, which in mice occurs at E12.5, 
global DNA methylation levels are very low, and the methylomes of male and female 
PGCs are very similar (Guibert et al., 2012; Seisenberger, 2012). Sex differentiation 
includes the establishment of the sex-specific epigenetic marks and de novo methyla-
tion establishment proceeds in very different manners in the male and female germ 
lines (Saitou et al., 2012; Sasaki and Matsui, 2008). Accordingly, the methylation 
content varies between the two mature gametes: 40% for oocytes, and approximately 
80% for sperm (Kobayashi et al., 2012; Popp et al., 2010; Shirane et al., 2013). Inter-
estingly, recent analyses of the cattle sperm methylome detected several megabase 
long domains of centromeric satellite clusters that were hypomethylated, suggesting 
that these regions might play a role during meiosis and their rapid transcriptional acti-
vation after fertilization (Zhou et al., 2018). 




ic prophase, the state of the genome that constitutes the beginning of oogenesis 
(Dokshin et al., 2013). Therefore, the oocyte methylome is solely reflective of de no-
vo methylation events. Oocyte growth and maturation are initiated postnatally in fe-
males, coincident with de novo DNA methylation through the combined and coordi-
nated activities of DNMT3A/DNMT3L (Lucifero et al., 2007; Smallwood et al., 
2011). Deletion of Dnmt3a or Dnmt3l in oocytes prevents oocyte-specific methylation 
of imprints and the resultant embryos cannot develop beyond mid-gestational stage 
due to abnormal expression of imprinted genes (Hata et al., 2002; Kaneda et al., 
2010). However, the mechanisms leading to step-wise reacquisition of DNA methyla-
tion in oocytes remain elusive. High-resolution, genome-wide DNA methylation pro-
files have revealed that DNA methylation is established immediately prior to ovula-
tion of the metaphase II (MII) oocyte (Smallwood et al., 2011; Smith et al., 2012). 
Among those genes with significant CpG-island methylation was the de novo DNA 
methyltransferase family member Dnmt3b, which, like Dnmt1, is transcriptionally 
silent at this time. This observation typifies an ever-growing concept where epigenetic 
modifiers are regulated by their cognate marks themselves (Dean, 2014). 
In the male germline, de novo methylation is initiated at E13.5, in prospermatogonia 
or gonocytes that are arrested in mitosis. At E16.5, male PGCs already acquired 50% 
of the global DNA methylation (Kota and Feil, 2010). The male specific DNA meth-
ylation pattern is completely set at birth. Following methylation establishment, male 
gametes experience a proliferative burst before entering meiosis and beginning the 
process of differentiating into sperm. Therefore, the mature sperm methylome is kept 
throughout the multiple replication cycles right before the sperm progenitors enter 
meiosis and its methylome is a product of DNA methylation maintenance that must 
operate faithfully from birth in male mice (Davis et al., 2000; Henckel, 2009; Stewart 
et al., 2016). Unlike in oocytes, loss of DNA methylation during spermatogenesis 
causes infertility accompanied by a profound reduction in testis size (Stewart et al., 
2016). Although the precise role of each methylation mark in the process of spermat-
ogenesis is still unknown, studies of mutant mice demonstrated the involvement of 
methylation in genome imprinting and repression of transposable elements. Estab-
lishment of DNA methylation in male germ cells is initiated at repetitive sequences by 
a testis-specific class of small RNAs called PIWI-interacting RNAs (piRNAs), which 
derive from repeat sequences and are implicated in direct methylation and silencing of 




act upstream of DNMT3L, as loss of DNMT3L does not affect piRNA expression, 
while piRNA deficiency leads to loss of methylation at transposable elements (Aravin 
et al., 2008; Kuramochi-Miyagawa et al., 2008). Similarly to oocytes, establishment 
of DNA methylation in sperm is primarily due to the activity of DNMT3A and its co-
factor DNMT3L. Lack of Dnmt3a or Dnmt3L resulted in a global reduction in DNA 
methylation (Shirane et al., 2013). Moreover deletion of Dnmt3a but not Dnmt3b im-
paired spermatogenesis (Kaneda et al., 2004). DNMT3A mainly methylates the H19 
and Dlk1/Gtl2 DMRs and a short interspersed repeat SineB1. Both Dnmt3a and 
Dnmt3b were shown to be involved in the methylation of Rasgrf1 DMR and long in-
terspersed repeats IAP and Line1 whereas only Dnmt3b was required for the methyla-
tion of the satellite repeats (Kato et al., 2007). Finally recent results have identified 
DNMT3C to play a crucial role in specifically methylating retrotransposons during 
gametogenesis in mouse (Barau et al., 2016). Abnormal sperm DNA methylation pat-
terns have been associated with human subfertility, including aberrant methylation of 
both imprinted and non-imprinted genes in oligospermic men. Incorrect DNA methyl-
ation of the DAZL promoter in CpG island has also been associated with defective 
human sperms (Navarro-Costa et al., 2010). Analysis of spermatozoa from oligozoo-
spermic men showed the occurrence of hypermethylation at several maternal DMRs 
or hypomethylation of H19 and intergenic-DMR was increased, particularly in pa-
tients with ejaculation volumes of <10×106/ml (Dada et al., 2012; Pacheco et al., 
2011). Therefore, in a clinical context, understanding the mechanisms underlying 
DNA methylation might be particularly important in order to develop therapeutic 
strategies for male genital system diseases caused by abnormal sperm DNA methyla-
tion. 
1.4.2 Histone modifications in PGC reprogramming 
In pre-migratory and migratory germ cells, histone modifications undergo orderly and 
extensive changes (Seki, 2005). Immunohistochemistry studies have shown that 
around E8.0 germ cells concomitantly and significantly reduce H3K9 dimethylation 
(H3K9me2) and DNA methylation. By contrast, at E8.5-9.0, germ cells substantially 
increase the levels of H3K27 trimethylation (H3K27me3), and maintain this state un-
til at least E12.5. H3K4 methylation (H3K4me3) and H3K9 acetylation (H3K9ac), 
modifications associated with transcriptionally permissive/active chromatin, are simi-




marks sharply upon their entry into the genital ridge. H3K9 trimethylation, a hallmark 
of centromeric heterochromatin, is kept relatively constant (Seki, 2005). The analysis 
of the genome-wide histone modification states has been limited since PGCs are spec-
ified in small numbers (∼40) and are refractory to proliferation in vitro, making them 
intractable to quantitative analysis. The establishment of an in vitro system that reca-
pitulates germ cell development made possible a better understanding of histone mod-
ifications changes in the PGC specification pathway in mice. This system is based on 
the induction of embryonic stem cells (ESCs) to form epiblast-like cells (EpiLCs), a 
cellular state highly similar to pre-gastrulating epiblasts but distinct from epiblast 
stem cells (EpiSCs). EpiLCs can be then induced into PGC-like cells (PGCLCs) with 
capacity for both spermatogenesis and oogenesis (Hayashi et al., 2011; Kurimoto and 
Saitou, 2015). This in vitro system allowed the dissecting of regulatory networks of 
the germline epigenome (Kurimoto and Saitou, 2015). For example, EpiLCs contain 
abundant bivalent gene promoters characterized by low H3K27me3, indicating a state 
primed for differentiation. PGCLCs initially lose H3K4me3 from many bivalent 
genes but subsequently regain this mark with concomitant upregulation of 
H3K27me3, particularly at developmental regulatory genes. PGCLCs progressively 
lose H3K9me2, including the loss at lamina-associated perinuclear heterochromatin, 
resulting in changes in the nuclear architecture. The mesodermal factor T was shown 
to recruit H3K27ac to activate BLIMP1, a transcriptional repressor that has a crucial 
role in the specification of PGCs in mice at E7.5. BLMP1 targets a broad range of 
targets, possibly through recruitment and spreading of H3K27me3. 
1.4.3 Modifications of chromatin in spermatogenesis 
During meiosis of male germ cells, the X and Y chromosomes are transcriptionally 
silenced by a series of chromatin-based events (Turner, 2015) (Fig. 14). The precise 
role of meiotic sex chromosome inactivation (MSCI) is unknown, but it is conserved 
and essential in all mammals studied so far and in more distant species such as C. ele-
gans. MSCI starts at the pachytene stage of meiotic prophase I with phosphorylation 
of histone H2A variant X (γH2AX) mediated by Rad3-related (ATR) kinase (Ichijima 
et al., 2011; Royo et al., 2013). After that, both sex chromosomes undergo di- and 
trimethylation of histone H3 at lysine 9 (H3K9me2 and H3K9me3), ubiquitination of 
histone H2A (uH2A), and recruitment of heterochromatin protein 1 (HP1) (Baarends 




matin changes take place such as extensive deacetylation at histones H3 and H4, re-
placement of the canonical histones H3 (H3.1 and H3.2) by the histone variant H3.3 
and methylation of the lysine 20 of histone H4 (H4K20me) (van der Heijden et al., 
2007). All these chromatin modifications induce the sex chromosomes of mammalian 
spermatocytes to form a heterochromatic structure and a specialized nuclear territory 
at the periphery of the spermatocyte nucleus (the XY body), where both transcription 
and homologous recombination are restricted (Handel, 2004) (Fig. 14). 
 
Figure 14. Schematic diagram of XY gene expression during mouse spermatogenesis. In spermatogonia, X 
and Y gene expression is comparable to that of autosomes. At the pachytene stage of meiosis I, XY genes are tran-
scriptionally repressed by MSCI. After meiosis, XY gene expression is reactivated. The timing of appearance of 
the chromatin marks enriched on the sex chromosomes (as observed by immunofluorescence) during and after 
meiosis is represented under the schematic diagram. Taken from (Moretti et al., 2016). 
 
The further presence of repressive chromatin structure (H3K9me2 and H3K9me3, 
HP1) also on the post-meiotic sex chromatin had suggested that XY gene silencing 
might persist also in spermatids (Khil et al., 2004; Namekawa et al., 2006). Accord-
ingly, early work proposed that mouse spermatogenesis genes are relatively under-
represented on the X chromosome whereas female-biased genes are enriched on it and 
therefore the inactivation of the X chromosome in male meiosis might be a universal 
driving force for X-chromosome demasculinization (Khil et al., 2004). However, fur-
ther analyses have demonstrated not only that the mouse X chromosome is enriched 
for spermatogenesis genes functioning before meiosis but also that approximately 






The postmeiotic transcriptional reactivation of XY gene expression in spermatids co-
incides with changes in nucleosomal histones and histone modifications. Indeed, and 
in contrast to somatic cells, germ cells express many, spatiotemporally regulated sets 
of core histone variants (Fig. 14).  Some of these histone variants are exclusively ex-
pressed in testes. In general, some of the histone variants are present from early mei-
otic spermatocytes through the late elongated spermatids, while some others are ex-
clusively present in the haploid spermatids right before histone-to-protamine replace-
ment (Bao and Bedford, 2016; Orsi et al., 2009). The testes specific histone 1 subtype 
variant (H1t) was detected in mid- to late-pachytene spermatocytes until elongation 
spermatid stage (Drabent et al., 1998). This histone variant seems to be particularly 
important to maintain the open chromatin structure necessary for meiotic recombina-
tion and histone replacement (De Lucia et al., 1994). The testes specific H1 variant, 
H1T2, is restricted to haploid spermatids. H1t2-KO mice showed severe defects such 
as infertility, abnormal spermatid elongation and defects in chromatin condensation, 
suggesting a major role of this histone variant in replacing histones by protamines 
(Martianov et al., 2005; Tanaka et al., 2005). Another testes specific H1 variant, 
HILS1, was only found in spermatids of mammalian testes and, as the others, is sup-
posed to be involved in histone to protamine exchange (Bao and Bedford, 2016; Yan 
et al., 2003). Testes specific H2A variants were also detected (TH2A or TH2B). 
TH2B is the major testes specific histone variant and is expressed in the leptotene 
stage spermatocytes. Mice lacking both TH2A and TH2B were sterile, although the 
exact function of these histone variants in spermatogenesis remains elusive 
(Montellier et al., 2013; Shinagawa et al., 2015). A correlation between the decrease 
in expression of the somatic histone H2B and the increase of TH2B suggests a func-
tion of TH2B in postmeiotic germ cells (Montellier et al., 2013). The testes histone 
H3 variant (H3T) was found in testes and other somatic tissues (Govin et al., 2007). 
H3T incorporation resulted in unstable nucleosomes, suggesting a role during meiotic 
recombination (Tachiwana et al., 2010; Tachiwana et al., 2008). 
Modifications at histones during spermatogenesis have also been detected. In sper-
matogenesis the phosphorylation of core histones has been particularly observed, but 
the function remains elusive (Govin et al., 2010; Song et al., 2011b). H2A, H2B and 
H4 are acetylated in spermatogonia and pre-leptotene spermatocytes, whereas in mei-
otic spermatocytes and round spermatids they are hypo-acetylated (Bao and Bedford, 




DNA replication (Awe and Renkawitz-Pohl, 2010; Eitoku et al., 2008; Govin et al., 
2004; Lahn et al., 2002). Interestingly, the testis-specific member of acetyl lysine 
binding domain-containing protein, BRDT, was found to be specifically expressed in 
spermatocytes and haploid spermatids and deletion of one of its bromo domain result-
ed in male sterility (Shang et al., 2007; Shang et al., 2004). In support of the function-
al role of BRDT, treatment with bromodomain-specific small-molecule inhibitor JQ1 
prevents recognition of acetylated histone H4 by BRDT and induced spermatogenic 
deficiency (Matzuk et al., 2012). Methylation of histone H3K79 methylation is exclu-
sively detected in the elongating spermatids and accompanies H4 hyperacetylation 
prior to histone-to-protamine transition (Dottermusch-Heidel et al., 2014). The activi-
ty of poly(ADP-ribose) polymerases (mainly PARP1 and PARP2) was proposed to 
facilitate the removal of histone H1 linker and local chromatin decondensation 
through the coordination of topoisomerase 2B (TOP2B)-dependent DNA relaxation 
with histone-to-protamine exchange necessary for spermatid chromatin remodeling 
(Meyer-Ficca et al., 2011). 
One of the dramatic chromatin changes that occur lies in the transition from a nucleo-
some-based chromatin to a protamine-based chromatin array, which requires the re-
placement of 90 – 95% of the histones by protamines (Govin et al., 2007; McCarrey 
et al., 2005). It is considered that this change in chromatin structure is a critical step 
for the fertilization, which requires realization of many physiological events including 
movement of sperm cells all along the female reproductive system, their attachment to 
zona pellucida, and penetration into the oocyte. The condensation of the haploid ge-
nome during spermiogenesis is not necessary for the paternal genome to participate in 
embryogenesis. Indeed, injection of round spermatids, whose chromatin is organized 
with histones, into oocytes generated embryos that develop into normal offspring 
(Kimura and Yanagimachi, 1995; Meistrich et al., 2003; Ogura et al., 1994). The fact 
that de novo DNA methylation in spermatogenesis occurs prior to histone-protamine 
exchange suggests that this highly condensed structure makes DNA inaccessible for 
further modifications.  
While the morphological changes throughout all steps of spermatid development are 
well characterized, the molecular basis underlying the transition from histone-to-
protamine replacement, remains largely unknown (Rathke et al., 2014). Protamines 
are basic proteins that are enriched for lysines and cysteine residues. They are located 




and mice, there are two genes (Protamine 1, Prm1; Protamine 2, Prm2) clustered on 
the same chromosome (Balhorn, 2007). Both protamines are essential since genetic 
ablation of one of the two alleles causes infertility in mice (Cho et al., 2001). Prota-
mines compact DNA very tightly by binding in the major groove of the DNA, end to 
end. Protamination goes along with somatic H4 hyperacetylation and DNA breaks 
(McPherson and Longo, 1993; Meistrich et al., 1992; Rathke et al., 2007). The transi-
tion from histones to protamines in mice starts around 156 hours after completion of 
meiosis, corresponding to the time when the spermatids are elongating, and takes in 
total around 120 - 126 hours (Rathke et al., 2014). 
Transition proteins 1 and 2 (TNP1 and TNP2) have been implicated in the transition 
from histone-to-protamine replacement. TNP1 and TNP2 are expressed shortly before 
the protamine deposition and are arginine- and lysine-rich proteins binding to DNA. 
In vitro biochemical studies demonstrated that TNP1 tends to relax the DNA in the 
nucleosomal core particles, whereas TNP2 is prone to compact the nucleosomal 
DNA, suggesting that TNP2 is a DNA-condensing protein while TNP1 can promote 
the eviction of the nucleosomal histones (reviewed in (Bao and Bedford, 2016)). Both 
proteins appear to act redundantly since only mice with double KO of Tnp1 and Tnp2 
showed a severe retention of histones (Meistrich et al., 2003; Zhao et al., 2004). 
In mammals, however, removal of histones is generally not complete, with around 1% 
in mouse and 10% in human of histones still retained in sperm. In human and mouse 
spermatozoa strong enrichments of nucleosomes containing H3K27me3, H3K4me2 
and H3K4me3 at promoters of distinct gene classes with defined expression programs 
during spermatogenesis and early embryonic development were shown (Brykczynska 
et al., 2010; Hammoud et al., 2009). Furthermore, remaining histones have been re-
ported to stay associated with the paternal genome during de novo chromatin for-
mation in the zygote after fertilization, supporting a model of epigenetic inheritance 






1.5 Chromatin and epigenetic modifications in early embryogenesis 
As described in the previous chapters, oocyte and sperm are highly differentiated cells 
that contain a gamete-specific epigenetic pattern. After fertilization, the oocyte and 
sperm cells fuse to form the zygote. Consequently, in order to reset the gamete's 
epigenome to a totipotent state, both parental genomes undergo drastic epigenetic 
changes. Early pre-implantation development starts with the zygotic stage and ends 
after numerous cell cycles, once the blastocyst is formed (Fig. 15).  
 
Figure 15. Transcription factors and global chromatin changes during early embryonic development in 
mouse. A) The transcription factors during early embryonic development are dynamically expressed at a certain 
time point of development. Cells from the ICM are depicted in green, whereas cells of the trophectoderm are rep-
resented in purple. The respective transcription factors are coded accordingly. B) The dynamics of histone modifi-
cations and histone variants during preimplantational embryo development are depicted. Pink: asymmetric distri-
bution among cells within 4-cell stage embryos; red: histone variants; blue: constitutive heterochromatic post-
translational modifications; green: facultative heterochromatic post-translational modifications; yellow: modifica-
tions of transcriptionally active chromatin; purple: DNA methylation; orange: nuclear architecture features. Taken 





Shortly after fertilization, the zygote presents epigenetic asymmetry between paternal 
and maternal genomes in zygotes. The most dramatic change is the loss of DNA 
methylation at paternal genome, a process proposed to be mediated by active DNA 
demethylation mechanisms as it is completed before the onset of DNA replication 
(Mayer et al., 2000; Oswald et al., 2000). Conversely, the maternal genome undergoes 
replication-dependent DNA demethylation (passive demethylation), further adding to 
a parental epigenetic asymmetry in the zygote. This parental specific epigenetic pat-
tern is not only limited to DNA methylation but also includes histone modifications 
and histone variants. One possible explanation why epigenetic asymmetry between 
the two genomes might occur is that the protamine-histone exchange takes place on 
the paternal genome shortly after fertilization. Indeed, this process requires extensive 
chromatin remodelling and, consequently, might facilitate the establishment of new 
epigenetic marks.  
In the next paragraphs, I will describe how these epigenetic changes are established 
during early embryonic development. 
1.5.1 Regulation of DNA methylation in early embryogenesis 
Shortly after zygote formation, the mature sperm genome is globally DNA demethyl-
ated, with exception of a limited number of loci including parental imprints and active 
retrotransposons, which are protected from demethylation to ensure embryonic viabil-
ity (Mayer et al., 2000; Oswald et al., 2000; Seisenberger et al., 2012). Similar DNA 
methylation pattern has been detected in several mammals (i.e. human, mouse, rat and 
cattle) whereas in other species, such as pigs and goats, this DNA demethylation is 
still controversial (Deshmukh et al., 2011; Fulka et al., 2006; Hou et al., 2005; Park et 
al., 2010; Reis e Silva et al., 2012) (see also 1.5.3). It has been proposed that the loss 
of DNA methylation at the paternal genome is mediated by active DNA demethyla-
tion mechanisms as it is completed before the onset of DNA replication (Mayer et al., 
2000; Oswald et al., 2000). The roles of 5hmC, TETs and BER in active DNA de-
methylation at the paternal genome have been described in 1.1.1.3. 
Removal of DNA methylation seems not to be restricted to CpG density or functional 
annotation (Smith et al., 2012; Wang et al., 2014). Moreover, the lowest DNA meth-
ylation level is reached within blastocyst stage (32-64 cells) (Messerschmidt et al., 
2014). DNA demethylation in embryos differs from that in PGCs. First of all, PGCs 




ments, whereas during DNA demethylation in embryogenesis the imprinted genes and 
some transposable elements maintain the somatic pattern until later stage embryos 
(Borgel, 2010; Lane et al., 2003; Reik et al., 2001; Wang et al., 2014).  
The reason for the asymmetric DNA methylation patterns in the different genomes in 
the zygote remains still unknown. Interestingly, an earlier work showed that the cellu-
lar machinery of the fertilized egg cannot demethylate the second maternal genome in 
parthenogenetic, gynogenetic and triploid digynic embryos (Barton et al., 2001). The-
se results suggests that differential zygotic demethylation results from differences in 
the remodelling of paternal and maternal chromatin structures after fertilization, i.e. 
sperm nuclear decondensation and protamine-histone exchange. Consistent with these 
results, artificial fertilization using round spermatid, whose DNA is still associated 
with histones, revealed only slightly demethylated paternal DNA in zygotes, support-
ing a role of sperm nuclear decondensation and protamine-histone exchange in DNA 
demethylation process (Polanski et al., 2008). A similar conclusion was drawn 
through the analysis of the effect of interspecific oocytes on demethylation of sperm 
DNA (Beaujean et al., 2004b). This analysis was performed to understand why in 
sheep  a lack of genome-wide demethylation of the paternal genome within the first 
cell cycle post-fertilization exists (Beaujean et al., 2004a). This difference was pro-
posed to be due either to an absence of a sheep demethylase activity that is present in 
mouse ooplasm or to an increased protection of methylated cytosine residues in sheep 
sperm. However, injection of sheep sperm DNA in mouse oocytes led to a decrease of 
DNA methylation at the paternal genome (Beaujean et al., 2004b). Remarkably, it 
was also possible to observe demethylation of mouse sperm DNA in sheep oocytes. 
Thus, also in this case, it is probable that DNA demethylation in sperm is either de-
pendent on a paternal sperm derived factor or the remodelling of the male chromatin.  
It has been proposed that STELLA (also known as Dppa3, Pgc7) protects 5mC from 
Tet3-mediated conversion to 5hmC by binding to the maternal chromatin containing 
H3K9me2 in mice (Nakamura, 2012) (Fig. 16). Absence of STELLA led to a loss of 
5mC on both pronuclei going along with the accumulation of 5hmC (Wossidlo, 
2011). In addition, imprinted loci that are marked with H3K9me2 in mature sperm are 
protected by STELLA binding in early embryogenesis (Nakamura, 2012). A role of 
modifications at histones for the control of DNA methylation is also evident by exper-
iments showing that overexpression of mutated H3.1 and H3.2 at either serine 10 or 




5hmC in the maternal genome (Lan et al., 2017). STELLA is highly expressed in 
PGCs and counts as a maternal factor since Stella-deficient females displayed severe-
ly reduced fertility due to a lack of maternally inherited Stella-protein in their oocytes 
(Payer et al., 2003; Saitou et al., 2003). STELLA also plays a crucial role during bo-
vine embryo development. STELLA was found in bovine oocytes and preimplanta-
tional embryos with a decrease in transcripts the closer the embryonic genome activa-
tion came. Knocking out STELLA in bovine germinal vesicles (GV) led to an in-
crease of 5hmC on the mPN, while knockdown of STELLA in zygotes led to disturb-
ances in early embryonic development and resulted in lower quality blastocysts 
(Bakhtari and Ross, 2014). 
 
Figure 16. DNA demethylation dynamics and imprinting maintenance in preimplantation embryos.  
A) 5mC and 5hmC dynamics during early embryonic development showing epigenetic asymmetry between the 
maternal (red) and paternal (blue) genomes in the zygote. Active DNA demethylation is taking place at the pPN 
whereas the maternal genome is demethylated throughout replication. B) In the zygote, STELLA prevents TET3-
dependent oxidation of 5mC through binding to H3K9me2. C) Non-canonical targeting of DNMT1 that is exclud-
ed from the nucleus to the ICRs during early cleavage stages. D) In the later stage embryo and in adult tissues, 
DNMT1 is recruited to hemimethylated chromatin in a canonical manner since high DNMT1/NP95 levels during 





The biological function of DNA methylation parental asymmetry in zygotes is not 
understood. Strikingly, however, zygotes obtained after injection of round spermatids 
or injection of sperm heads, although impaired in the specific loss of DNA methyla-
tion at pPN, developed to term with similar rates. Thus, these results suggest that that 
hypomethylation of paternal DNA at the zygotic metaphase might not be essential for 
full development in mice (Polanski et al., 2008). 
 
The maintenance of 5mC requires the activity of DNMT1 during early embryogene-
sis, whereby the shorter form that is inherited from the oocyte, DNMT1o, is responsi-
ble for maintaining the methylation at intracisternal A-particles (IAP) and the embry-
onic full-length variant takes over during later stages of embryonic development 
(Gaudet et al., 2004; Lei et al., 1996; Okano et al., 1999b). As mentioned above, im-
printed control regions (ICRs) also maintain the DNA methylation throughout replica-
tion cycles. So far it is not completely understood why imprints withstand the multi-
ple cell divisions during early embryo development. As for the IAPs, the maternal and 
zygotic DNMT1 seem to play a role in maintaining the DNA methylation within the 
ICRs. In contrast, DNMT3A (expressed in oocytes and early embryos) and DNMT3B 
(expressed in later stages of early embryogenesis) do not seem to be essential for this 
process (Borgel, 2010; Challen, 2012; Hirasawa, 2008; Kaneda, 2004; Okano et al., 
1999b; Wu et al., 2010). Nuclear exclusion of DNMT1 seems to stand in contrast with 
the need of DNMT1 in maintaining imprints, since it was shown that zygotic deletion 
of DNMT1 causes a dramatic loss of global DNA methylation, including imprints, 
and was further shown to be embryonic-lethal (Li et al., 1993; Li et al., 1992b). Re-
cently, it was shown that, although located to the cytoplasm, the oocyte-specific and 
the somatic DNMT1 isoforms drive imprint maintenance (Branco et al., 2008).  
ZFP57 is a Krueppel-associated box (KRAB) domain zinc finger protein is another 
factor that has been implicated in imprinting maintenance since its loss led to hypo-
methylation at maternal and paternal ICRs (Li, 2008; Mackay et al., 2008; 
Quenneville et al., 2011; Zuo et al., 2012). KRAB zinc finger proteins often associate 
with epigenetic repressors like TRIM28 that is one component of a multifunctional 
repressor complex composed of the nucleosome remodelling and histone deacetyla-
tion (NuRD) complex, the H3K9me-catalyzing histone methyltransferase SETDB1, 
the HP1 and the DNA methyltransferases DNMT1, DNMT3A/B (Quenneville, 2011; 




maintenance pathway that recruits the ZFP57-TRIM28 complex to the ICRs 
(Messerschmidt et al., 2014).  
1.5.2 Histone modifications in embryonic reprogramming 
Reprogramming in early embryos includes the incorporation of histones or histone 
variants, either provided by the oocyte or newly synthesized. Remarkably, the two 
parental genomes significantly differ in the chromatin composition. Immediately after 
fertilization, the protamines on the paternal genome are replaced by histones, even 
before the first S-phase of the cell cycle. Importantly, since all newly incorporated 
histones are hyperacetylated and hypomethylated, the paternal genome acquires a 
structure that is devoid of heterochromatic marks (Burton and Torres-Padilla, 2010). 
Concomitant with the replacement of protamines that occurs prior replication, the his-
tone H3 variant H3.3 is rapidly incorporated into the paternal genome, in a replica-
tion-independent manner, a reaction that is most likely mediated by the histone chap-
erone HIRA (Fig. 15) (Santenard et al., 2010; Torres-Padilla et al., 2006; van der 
Heijden et al., 2005). The histone variant H3.3 differs within four and five amino ac-
ids, respectively, from the canonical histones H3.1 and H3.2. It remains elusive 
whether the H3.3 incorporation in the paternal genome is just a matter of gap filling 
until H3 can be incorporated during replication or if H3.3 incorporation facilitates 
opening of the chromatin on the pPN. Remarkably, data indicated that H3.3 seems to 
be important for the initial establishment of the paternal pericentric chromatin, since 
mutation of H3.3K27 had drastic effects on the embryo and resulted in an arrest of 
development (Santenard et al., 2010). This phenotype was rescued by the addition of 
major satellite transcripts, suggesting that H3.3 might be responsible for facilitating 
transcription within these regions (Santenard et al., 2010). 
Another histone variant found to be specifically localized at the pPN was γH2A.X that 
usually marks double strand breaks (Fig. 15) (Wossidlo, 2010; Ziegler-Birling et al., 
2009b). In this case, the recruitment to the chromatin appears to be DNA damage in-
dependent, since the co-factor tumour suppressor p53-binding protein 1 (TP53BP1) 
was not co-localized to the γH2A.X foci (Ziegler-Birling et al., 2009b). As described 
in a previous chapter (1.1.1.3), the presence of γH2A.X at pPN was associated with 
active DNA demethylation and the involvement of BER pathway.  
Another relevant histone variant in embryogenesis is the H2A variant H2A.Z, which 




ing from late 2-cell stage onwards (Fig. 15) (Bošković et al., 2012; Nashun et al., 
2010; Rangasamy et al., 2003). The lack of H2A.Z results in a failure of development 
during implantation. Although, acetylated H2A.Z is a marker of active chromatin, it 
was surprisingly absent in the 2-cell stages during major EGA. Similarly, H3K36me3, 
another marker of active chromatin, was also not detectable in mice during EGA, 
whereas it was present during bovine EGA at around 4-8-cell stage (Bošković et al., 
2012). 
The pPN contains a specific pattern of histone modifications, showing H3K4me1, 
H3K9me1 and H3K27me1 directly at fertilization, whereas H3K4me3, H3K9me2, 
H3K27me3 first appear after replication (Fig. 15) (Arney et al., 2001; Lepikhov and 
Walter, 2004; Santos et al., 2005). This delay in establishing H3K27me3 at the pPN 
goes in line with the delayed recruitment of the polycomb repressive complex 2 
(PRC2).  
The maternal genome also undergoes epigenetic reprogramming such as the rapid loss 
of heterochromatic histone marks H4K20me3 and H3K64me3 before the first cell di-
vision even took place (Fig. 15) (Daujat et al., 2009; Kourmouli et al., 2004). 
H3K9me3, however, is passively diluted and its re-establishment is prevented for fur-
ther two to three cell divisions (Liu et al., 2004b; Puschendorf et al., 2008). The 
mechanism of how constitutive heterochromatic marks are removed is not yet under-
stood. However, due to its timing it is supposed that an active mechanism must take 
place. The loss of heterochromatic marks at the maternal genome goes along with the 
formation of an open chromatin necessary for regaining pluripotency in early embryos 
(Ahmed et al., 2010). 
Investigating pre-implantation embryo development was long time limited due to the 
low amount of cells available. The recent establishment of micro-scale chromatin 
immunoprecipitation and sequencing (µChIP-seq, STAR ChIP-seq) method allowed 
to profile genome-wide H3K4me3, H3K27ac and H3K27me3 in mouse immature and 
metaphase II oocytes and in 2-cell and 8-cell embryos (Dahl et al., 2016; Liu et al., 
2016; Wu et al., 2016; Zhang et al., 2016). These studies determined that in the oo-
cyte genome H3K4me3 is enriched at low levels across large genomic regions, span-
ning more than 10 kilobases, and is mostly distant from transcription start sites. This 
pattern of 'non-canonical' H3K4me3 persists in the fertilized oocyte and in embryos at 
the early two-cell stage. In 2-cell embryos, the H3K4me3 signal becomes confined to 




activation. The removal of non-canonical H3K4me3 requires zygotic transcription but 
is independent of DNA replication-mediated passive dilution. Remarkably, active re-
moval of maternal inherited broad H3K4me3 domains was described to be mediated 
by the lysine demethylases KDM5A and KDM5B and this process is required for 
normal zygotic genome activation and essential for early embryo development. More-
over, parental differences in H3K4me3 distribution were found to be retained in the 
two sets of chromosomes in the early embryo, supporting the idea that some epigenet-
ic information is inherited (Wu et al., 2016; Zhang et al., 2016). H3K27ac domains 
were found to be near genes associated with zygotic genome activation (Dahl et al., 
2016). Re-establishment of H3K4me3, especially on promoter regions, occurs much 
faster than that of H3K27me3 following fertilization, which is consistent with the ma-
jor wave of zygotic genome activation at the two-cell stage (Liu et al., 2016). Finally, 
compared to embryonic stem cells, the co-occurrence of H3K4me3 and H3K27me3 
(bivalency) in early embryos was relatively infrequent and unstable. Interestingly, 
previous results using micro-ChIP for H3K4me3 and H3K9me3 levels on repetitive 
elements in 2- and 8-cell embryos revealed that long interspersed element 1 (LINE-1), 
short interspersed nuclear element (SINE) B2 and intracisternal A-particle (IAP) re-
trotransposons were enriched in H3K4me3 in 2-cell stage embryos at the time when 
they are transcriptionally reactivated after fertilization (Fadloun et al., 2013). This 
suggests that retrotransposons harbour a different chromatin pattern in embryonic 
cells compared to somatic cells (Burton and Torres-Padilla, 2014). 
Major chromatin organization changes periodically occur during pre-implantational at 
defined time points. Chromocentres are DNA aggregates that consist of heterochro-
matic, centromeric and pericentromeric regions and can be visualized as DAPI-rich 
foci. These regions are also observed in mature oocytes and embryos, where they are 
arranged in ring-like structures surrounding nucleolar-like bodies (NLBs) (Fig. 17) 
(Aguirre-Lavin et al., 2012; Burns et al., 2003; Probst et al., 2007). NLBs are unique 
in pre-implantation embryos and are thought to be non-functional nucleoli pre-cursors 
that remain until late 2-cell stage. However, the function of NLB is not yet completely 





Figure 17. Global chromatin reorganization during early mouse development. DAPI staining in GV oocytes, 
zygotes, 2- and 4-cell stages displaying the A-T rich major satellite sequences that are arranged in ring-like struc-
tures around nucleolar-like bodies. The scale bar represents 10 µm. Taken from (Burton and Torres-Padilla, 2014). 
1.5.3 Epigenetic reprogramming in early embryogenesis of different 
mammalian species 
Epigenetic reprogramming during embryogenesis is most of the time exemplified in 
the mouse as the model organism standing for mammalian embryonic development. 
Mice are easy to keep, have a fast reproductive cycle and are easily available in large 
numbers. Nevertheless, it was shown that epigenetic reprogramming shows some spe-
cies-specific differences within mammals and differences even occur between closer 
related species like species from the family of the ruminants (i.e. cattle vs. sheep). 
The active DNA demethylation was first described in mice, when an asynchronous 
DNA demethylation prior to replication was detected (Mayer et al., 2000; Oswald, 
2000; Wossidlo, 2010). DNA demethylation dynamics can also be seen in most other 
mammals, however, the exact dynamic seems to vary among species. Similarly to 
mouse, DNA demethylation in bovine embryos was detected at the pPN shortly after 
fertilization. However, the re-methylation in bovine embryos remains still controver-
sial. One study observed that paternal DNA methylation was rapidly restored almost 
to the maternal methylation level even before the two-cell stage (Park et al., 2007). In 
another study, it was shown that embryos lose DNA methylation until they reach 8-
cell stage, which might facilitate the EGA that starts between 4-cell and 8-cell stage, 
and de novo methylation takes place only at 16-cell stage (Dean et al., 2001). Repro-
gramming in rabbit zygotes somehow seems to differ from mice, but it is not yet 
completely understood. The rabbit zygote is very well investigated, since in vivo and 
in vitro derived zygotes are easily accessible. Evidence indicated that the mPN main-
tains its 5mC content throughout early embryonic development, whereas within the 
pPN a partial DNA demethylation, starting from 4-cell stage onwards, was visible 




tion is also described in humans on a single cell level using a post-bisulfite adaptor 
tagging strategy (Zhu et al., 2018). In this study the authors traced DNA methylation 
through the whole embryonic development and showed that the process of methyla-
tion, demethylation and remethylation, is very dynamic. The 1st wave of demethyla-
tion occurs very early in the absence of replication, mainly in CpGs located at en-
hancers and gene bodies, the pPN loses around 30% of the 5mC whereas in contrast 
the mPN only loses 4%. The 2nd wave of demethylation was observed between late 
stage zygotes and the 4-cell stage, followed by the 3rd wave that was detected after 8-
cell stage. Remarkably, two remethylation waves were detected, the 1st wave occurred 
in the pPN between early and mid-zygote stages and the 2nd de novo methylation 
wave occurred between 4- and 8-cell stages (Zhu et al., 2018). Interestingly, by IF 
analyses in ICSI derived human embryos the formation of 5hmC was detected on both 
parental pronuclei to the same extent, suggesting that either active DNA demethyla-
tion was also occurring on the mPN or 5hmC formation is not just occurring during 
DNA demethylation in early embryos (Guo et al., 2014b). 
DNA methylation analysis of porcine "in vivo" produced embryos revealed drastic 
loss of 5mC at the pPN but not at the mPN (Fulka et al., 2006). Interestingly, meth-
ylation signal remains globally high until the late morula stage. H3K27 trimethylation 
was proposed to be an epigenetic marker of maternally derived chromatin that is 
globally remodelled during porcine embryogenesis (Park et al., 2009). H3K27me1 
was detectable in the nuclei of oocytes and pronuclear, 2-cell, 4-cell, 8-cell, and blas-
tocyst stage embryos. H3K27me3 was detectable in the nuclei of GV stage oocytes, 
the chromosome of MII stage oocytes and a single pronucleus of the pronuclear stage 
embryos produced by fertilization but was low or absent in nuclei of two-cell through 
blastocyst stage embryos. 
DNA demethylation at the pPN of goat zygotes has not been detected. Global loss of 
DNA methylation was observed in in 2-cell embryos, with the lowest 5mC levels be-
ing seen in 4-cell embryos and increased de novo methylation during the 8-cell stage 
onwards (Park et al., 2010). Interestingly, the pPN in goats contain high H3K9me3 
levels independent of replication, making this modification most likely responsible for 
the impairment of DNA demethylation (Kikyo and Wolffe, 2000; Park et al., 2010).  
The analysis of epigenetic reprogramming in horses is rather difficult since in vivo 
derived horse embryos are rarely accessible and in vitro produced embryos can only 




DNA methylation dynamics in horses were conducted in ICSI derived embryos, 
showing that 5mC was present in both parental pronuclei to the same extent through-
out zygotic development. Interestingly, 5hmC levels were also detected to the same 
extent in both pronuclei but surprisingly the localization of the two cytosine ana-
logues seemed different, 5mC tended to cluster at defined regions whereas 5hmC was 
homogenously distributed within the pronucleus (Heras et al., 2017). 
Studies have also shown that in vivo-derived ovine zygotes do not show loss of DNA 
methylation (Beaujean et al., 2004a; Dean et al., 2001). Demethylation seemed to oc-
cur only at blastocyst stage, in the trophectoderm (Beaujean et al., 2004a). However, a 
recent study observed different patterns of methylation and hydroxymethylation be-
tween the two parental pronuclei, suggesting that male pronucleus undergoes active 





1.6 DNA damage and DNA Repair pathways 
All cells, whether post-mitotic or proliferating, are challenged by thousands of DNA-
damaging events every day, and damage generally occurs irrespective of the underly-
ing DNA sequence (Hauer and Gasser, 2017). DNA is constantly exposed to a variety 
of damaging factors such as genotoxic agents, environmental factors (e.g. UV light, 
irradiation) or normal metabolic activities (e.g. nucleotide misincorporation during 
DNA replication, reactive oxygen species) that causes a range of lesions (Fig. 18). If 
left unrepaired, such lesions pose a barrier to both DNA and RNA polymerases, caus-
ing the formation of single-stranded stretches of DNA and, occasionally, double 
strand breaks (DSBs). Damage in the cell leads to severe consequences for the cell, 
including cell death, mutations or even the formation of cancer. DNA repair pathways 
are constantly active in the cell to identify and correct all DNA damage that may oc-
cur.  
 
Figure 18. The five DNA repair pathways and the consequences for the cell resulting from DNA damage. A) 
Damaging agents damage the DNA. Depending on the kind of damage the respective DNA repair mechanism is 
activated and repairs the lesion. B) Cell cycle arrest in G1, S, G2 or M phase is induced that the cell has the chance 
to repair the DNA damage. In case of unsuccessful repair the cell can undergo programmed cell death or the dam-
age leads to mutations or chromosome aberrations that further might lead to severe defects. Taken from 
(Hoeijmakers, 2001). 
 
The wide diversity of DNA lesions requires multiple, largely distinct DNA repair pro-
cesses. DNA repair pathways include the precise interplay of plenty of factors such as 
nucleases, helicases, polymerases, topoisomerases, recombinases, ligases, glycosylas-




responsible for sensing the DNA damage and regulating several physiological and 
fateful decisions, including the decision of initiating apoptosis, activating an immune 
responses, entering senescence or activating DNA repair pathways (Cui et al., 2007; 
Gasser and Raulet, 2006; Zhou and Elledge, 2000).  
Important factors that initiate and mediate the DDR are the phosphatidylinositol 3-
kinase-like protein kinase (PIKK) family members Ataxia Telangiectasia Mutated 
(ATM), Ataxia Telangiectasia And Rad3 Related (ATR) and DNA-dependent protein 
kinase (DNA-PK) and the members of the Poly [ADP-ribose] polymerase (PARP) 
family. ATM senses hundreds of substrates and regulates a wide variety of proteins, 
whereas DNA-PK for example is more specialized in orchestrating a group of pro-
teins involved in DSB end joining. Replication protein A (RPA) is the main factor 
binding preferentially to single stranded DNA (ssDNA) regions (e.g. at replication 
forks) but can also bind DSBs activating a complex consisting of ATR and ATR in-
teracting protein (ATRIP) for further processing. The PARP family is a big family of 
proteins involved in several cellular processes, whereas mainly PARP1 and PARP2 
are important for the DDR. PARPs catalyse the addition of poly [ADP-ribose] chains 
to sites of DNA damage in order to recruit the DDR machinery (Schreiber et al., 
2006). DSBs or single strand breaks (SSBs) activate the PARP family members 
PARP1 and PARP2 that assemble PAR moieties on target proteins like histones H1 
and H2B within seconds. PARP1 has additionally the ability to PARylate itself 
(Caldecott, 2008; Schreiber et al., 2006). Histone PARylation holds an important role 
in recruiting DNA repair factors and chromatin modifying complexes to damaged 
sites (Schreiber et al., 2006). Many DDR factors contain PAR binding motifs for ex-
ample p53, X-ray repair cross-complementing protein 1 (XRCC1), DNA Ligase III 
(LIGIII), double-strand break repair protein MRE11 and ATM (Ciccia and Elledge). 
ATM/ATR kinases phosphorylate proteins that later recruit ATM/ATR substrates and 
activate the DDR. ATM/ATR signalling is needed for non-homologous end joining 
(NHEJ), homologous recombination (HR), and nucleotide excision repair (NER) and 
physiologically for stabilizing replication fork during DNA replication. The initiation 
of these processes is mediated through fast posttranslational modifications such as 
phosphorylation, ubiquitination, sumoylation, poly(ADP-ribosylation), acetylation, 
methylation later steps require transcriptional responses that generally take more time 
(Ciccia and Elledge). p53 is one of the best-studied DDR signalling factors that is 




cell-cycle arrest, apoptosis or senescence. Additionally, p53 can also directly activate 
the NER pathway (Ciccia and Elledge).  
γH2AX is often used as a marker of DNA damage in cells, since phosphorylation of 
Ser139 by PIKKs on histone H2AX (γH2AX) mediates the recruitment of DDR fac-
tors and is also responsible for maintaining the factors at the sites of damage (Celeste 
et al., 2002; Kuo and Yang, 2008). Tyr142 of H2AX is constantly phosphorylated in 
the cell this blocks the binding of mediator of DNA damage checkpoint protein 1 
(MDC1). MDC1 binding to Ser139 of H2AX is important for the initiation of an ade-
quate DDR therefore MDC1 binding goes in line with dephosphorylation of Tyr142 
(Cook et al., 2009; Krishnan et al., 2009). γH2AX-dependent recruitments can be me-
diated by different posttranslational modifications like ubiquitination or SUMOy-
lation, each modification recruits different factors to the damaged site in order to ini-
tiate different pathways or flexibly changing the recruitment of different factors in 
case one pathway is failing to repair the lesion (Ciccia and Elledge).  
1.6.1 DNA repair pathways 
DNA damaging agents are ubiquitous and the cell has to deal with DNA lesions aris-
ing. The different DNA damaging agents induce different lesions on the DNA that 
requires the initiation of an appropriate DDR. As shown in Figure 18, oxidative dam-
age specifically induces single nucleotide lesions that initiate the base excision repair 
machinery, whereas UV-light induces bulky DNA damage including more than one 
nucleotide that needs to be repaired by the nucleotide excision repair pathway. Double 
strand breaks (DSBs) are fatal lesions of the DNA that need to be repaired immediate-
ly. The DDR of DSBs is mainly conducted by either NHEJ that does not depend on a 
homologous template and is therefore cell-cycle-independent or on HR that repairs 
the DNA lesion in the presence of a sister chromatid template. All repair mechanisms 
require a transient cell cycle arrest that gives the repair machinery the chance to repair 
the lesion. In case that the lesion cannot be repaired the cell undergoes programmed 
cell death. Cell cycle arrest leads to the inhibition of transcription, replication and 
chromosome segregation and bears therefore the risk for chromosome aberrations that 
consequently might lead to cancer or other disease. Unrepaired lesion that escaped the 
cellular control mechanisms can also result in mutation and the formation of cancer. 




1.6.1.1 Base excision repair (BER)  
The BER pathway is responsible for repairing single base lesions that do not distort 
the helical structure of the DNA. Damage arises from depurination, depyrimidation, 
oxidation, alkylation or deamination. Additionally, many of these lesions occur 
through spontaneous decay of the DNA (Lindahl, 1993).  
Initiation of the BER pathway is catalysed by the activation of one out of at least 
eleven known human DNA glycosylases, which recognizes and excises the damaged 
base and paves the way for the activation of further protein complexes (Barnes and 
Lindahl, 2004; David and Williams, 1998; Fromme and Verdine, 2004). Functionally, 
four glycosylases are responsible for the removal of mispaired uracil or thymine, six 
are specifically devoted to the repair of oxidation induced lesions and the remaining 
last one is removing alkylated bases.  
Six of these glycosylases are monofunctional glycosylases, being expressed in the nu-
cleus (two of them are additionally expressed in mitochondria) and all of them partic-
ipate in a substrate-specific manner in the repair of oxidative-induced DNA lesions 
(Almeida and Sobol, 2007). The substrates for monofunctional glycosylases are ver-
satile. Alkyl guanine glycosylase/methyl purine glycosylase (AGG/MPG) recognize 
alkylated purines and ethenopurines, uracil glycosylases (UNG) recognizes uracil, 5-
hydroxyuracil and other uracil intermediates. Single-strand-selective monofunctional 
uracil glycosylase 1 (SMUG1) recognizes the same substrates as UNG in single and 
double stranded DNA and additionally 5-hydroxymethyluracil. Thymine DNA glyco-
sylase (TDG) removes mispaired bases (uracil, thymine and 5-hydroxymethyluracil) 
only in double stranded DNA when paired with guanine as is doing methyl CpG bind-
ing domain protein 4 (MBD4) that recognizes these lesions in CpG dinucleotides. 
MUYH recognises mispaired adenine opposite 7,8-dihydro-8-oxoguanine (8-oxoG) or 
2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG) (Wallace, 2014). 
Monofunctional glycosylases cleave the N-glycosyl bond between the base and the 
sugar is hydrolysed and incised, creating the abasic site that has 3’-OH and a 5’-
deoxyribose-phosphate (5’dRP) moiety in order to remove the wrongly incorporated 
or damaged base. End-processing is performed by apurinic endonuclease 1 (APE1) 
that cleaves the DNA strand, creating 5’OH and a 3’deoxyribose phosphate (5’dRP) 
and induces the “short-patch” BER (SP-BER) pathway (Almeida and Sobol, 2007; 




ity that removes the 5’dRP moiety, resulting in a 5’ phosphate required for the follow-
ing ligation step (Krokan and Bjoras, 2013) (Fig. 19, repair synthesis left arrow).  
Figure 19. Base excision repair pathway. The classical short-patch BER pathway requires several steps starting 
with a base lesion that is excised and replaced by Pol β and the finale step of ligating the nick. Dependent on 
which glycosylase induced the excision of the base the end needs to be differentially processed. The impairment of 
excising the 5’dRP moiety induces the repair via the long-patch BER. Taken from (Krokan and Bjoras, 2013). 
In case the base is removed by bi-functional glycosylases that contain β-lyase activity 
such as 8-Oxoguanine glycosylase (OGG1), β-elimination generates an unsaturated 
hydroxyaldehyde linked to the 3’dRP and a 5’phosphate by incising the DNA back-
bone (David et al., 2007; Svilar et al., 2011) (Fig. 19, “incision” middle arrow). The 




repair DNA polymerase β (Pol β) (Fig. 19, “end-processing” middle arrow). Bi-
functional glycosylases like OGG1 or endonuclease III-like protein 1 (NTH1) play a 
crucial role in the repair of oxidative-induced DNA lesions (David et al., 2007). Sub-
strates for OGG1 are mainly 8-oxoG and FapyG that pair with cytosine. 
Glycosylases with β, δ-lyase activity release an unsaturated deoxyribose while cleav-
ing, creating a one-nucleotide flap with 3’ and 5’ phosphate ends. The 3’ phosphate is 
removed by polynucleotide kinase/phosphatase (PNKP) (Fig. 19, “incision”; right ar-
row) (Krokan and Bjoras, 2013). Followed by repair synthesis conducted by Pol β 
(Fig. 19, “end-processing”) 
Nonhistone protein high mobility group box 1 (HMGB1) regulates repair pathways 
and gene expression and binds to chromatin. HMGB1 promotes the binding of BER 
proteins APE1 and flap-endonuclease 1 (FEN1) and therefore promotes the LP-BER 
(Krokan and Bjoras, 2013). The LP-BER is mostly found in proliferating cells and 
uses the help of the replication machinery for repairing the lesion including Pol δ/ε, 
PCNA, FEN1 and LigI (Krokan and Bjoras, 2013; Svilar et al., 2011). In case of in-
sufficient removal of the 5’ end nick by Pol β, the long-patch BER (LP-BER) is initi-
ated, including the activation of different DNA polymerases such as replicative poly-
merases or Pol λ. The initiation of this pathway remains the same as for the SP-BER. 
The LP-BER also needs the 3’OH moiety but the 5’dRP moiety is refractory to the 
Pol β dRP lyase activity (Gary et al., 1999). In this case Pols δ, ε and β form a com-
plex with proliferating cell nuclear antigen (PCNA), FEN1, PARP1 and LigI. The 
whole machinery leads to DNA strand displacement through DNA synthesis by Pol β 
and an overhanging DNA flap of about 2-13 bases that is initiated by the presence of 
FEN1 and PARP1 (Fortini and Dogliotti, 2007; Nakamura et al., 1998; Prasad et al., 
2000; Prasad et al., 2001; Stucki et al., 1998). FEN1 is an endonuclease responsible 
for the removing of the displaced DNA strand, creating a nick 2-13 bp further apart 
from the original DNA damage site, the resulting nick is then sealed by LigI (Almeida 
and Sobol, 2007) (Fig. 19, left panel). 
Ligation of the nick is the last step in the BER pathway, whereby the binding of 
XRCC1 and LIG3, core components of the BER pathway, to SSBs is PARP1 depend-
ent (Svilar et al., 2011; Wallace, 2014). Mammals own three different DNA ligases 




LP-BER. LigIII is located in the nucleus and mitochondria and is the major ligase re-
sponsible in SP-BER through its association with XRCC1. Data have shown that LigI 
can fully replace LigIII in SP-BER, whereas the complex consisting of LigIII/XRCC1 
can not replace LigI in LP-BER (Almeida and Sobol, 2007) (Fig. 19, “repair synthe-
sis”).  
 
1.6.1.2 Nucleotide excision repair (NER) 
The nucleotide excision repair (NER) pathway is responsible for repairing bulky or 
helix-distorting DNA lesions (Fig. 20A). These lesions are most likely photoproducts 
caused by UV-light or other chemicals.  
 
Figure 20. Nucleotide excision repair pathway. Bulky DNA A) lesions recruit specific NER factors B) unwind-
ing the chromatin C). The damaged strand is excised (E,F) and newly synthesised with the help of Pol δ, Pol κ or 
Pol λ G). Taken from (Schärer, 2013). 
 
NER plays a specific role in severe human diseases that harbour genetic mutations in 
the NER proteins, such as Xeroderma pigmentosum and Cockayne’s syndrome. The 
proteins associated with NER are named after the diseases they induce, like the nine 
major NER proteins that are called Xeroderma pigmentosum A-F (XPA-XPF). 
Several enzymes recognize a plethora of substrates (de Laat et al., 1999; Iyama and 
Wilson, 2013). All these NER substrates have one characteristic in common: they 
thermodynamically destabilize the DNA duplex and are therefore bulky. The repair 
complex has to reach the 22-30 bp long bulky lesion, that requires chromatin remod-
elling complexes to render the chromatin accessible for the repair machinery and re-
condense the chromatin after repairing the damage (Stadler and Richly, 2017). Two 




NER) being responsible for DNA damage throughout the entire genome and on the 
other hand the transcription-coupled NER, responsible for detecting lesions on the 
coding strand during transcription (Fagbemi et al., 2011; Iyama and Wilson, 2013; 
Menezo et al., 2010). For the initiation of GG-NER, the specific factor XPC-RAD23B 
binds the non-damaged strand opposite to the lesion with the help of UV-DDB (UV-
damaged DNA-binding protein) (Fig. 20B) (Zhou and Elledge, 2000). Transcription 
factor II H (TFIIH) recognises and assembles to the complex and allows XPD to 
move along the DNA until it reaches and verifies the bulky lesion (Fig. 20C). This 
stalling of the complex leads to the initiation of the pre-incision complex consisting of 
XPA, RPA and the exonuclease XPG (Fig. 20D). Incision at the 5’end is initiated af-
ter the DNA excision repair protein (ERCC1)-XPF binds XPA (Fig. 20E). Repair 
synthesis is conducted by the Pols δ, κ or λ and is finished by an incision at the 3’end 
(Fig. 20F). The remaining nick is sealed by the DNA LIGIIIa/XRCC1 complex or by 
LIGI (Fig. 20G) (Schärer, 2013). In contrast, TC-NER is activated when RNA poly-
merases are stalled at DNA lesions. The initiation requires the different specific fac-
tors called Cockayne's syndrome A (CSA), CSB and XAB2. The following repair 
pathway requires the same core NER components as GG-NER. 
 
1.6.1.3 Non-homologous end joining (NHEJ) 
DNA double strand breaks (DSBs) are induced through ionizing radiation or X-rays, 
free radicals, chemicals or in a more physiological process during replication in S-
phase of the cell cycle (Hoeijmakers, 2001). DSBs are severe damages to the chroma-
tin that need to be repaired to prevent damage to future cell generations. Four known 
pathways are able to repair DSBs: Homologous recombination (HR), Non-
homologous end-joining (NHEJ), alternative-NHEJ (alt-NHEJ) and single strand an-
nealing (SSA). The repair pathway is chosen according to the necessary end pro-
cessing at the break site. DNA DSBs are sensed by at least four different factors: 
PARP, Ku70/80, MRN and RPA that sense the DSBs within seconds. 
 
NHEJ, as the name suggests, does not need a homologous DNA template and, conse-
quentially, is independent of cell cycle progression. Like most DNA repair processes, 
there are three enzymatic activities required for repair of DSBs by the NHEJ pathway: 
(1) nucleases to remove damaged DNA, (2) polymerases to aid in the repair, and (3) a 




way depends on the provided substrates present at the break site but also requires 
some regulatory factors such as tumour suppressor p53-binding protein 1 (TP53BP1) 
that promotes NHEJ by facilitating the ligation step of the two broken DNA ends 
(Difilippantonio et al., 2008; Dimitrova et al., 2008). 
The initial step of NHEJ is the loading of the toroid structured Ku (Ku 70/80) hetero-
dimer onto the ends of the DSBs. The classical NHEJ pathway (Fig. 21A) does not 
require end resection whereas the other pathways depend on end resection such as alt-
NHEJ (Fig. 21C) that requires resection of about 5-25 nucleotides. Ku recruits DNA-
PK that is loaded onto the DNA and its catalytic subunit (DNA-PKc) is activated. 
DNA-PKcs prevent DNA end resection during NHEJ by stabilizing the DNA ends 
and additionally recruit the XRCC4/LIG4 complex (Meek et al., 2008). The ends of 
the DSBs have to be prepared for further ligation steps, including resection of DNA 
ends, filling gaps and making them ligatable by removing blocking end groups. The 
final step contains the ligation of the DNA ends by Ligase IV (LigIV). So far it is not 
known what causes the release of the repair complex from the repaired DNA strand 
(Davis and Chen, 2013). The XRCC1/LIG4 complex initiates the ligation of the bro-
ken DNA ends (Mahaney et al., 2009). Recruitment can also be mediated by 
PARP1/2. PARPs induce the alt-NHEJ pathway (Hochegger et al., 2006). In DSB 
recognition PARP1 catalyses ATM activation and induces MRN (MRE11-RAD50-
NBS1) complex recruitment in a γH2AX and MDC1- independent manner (Haince et 
al., 2007). 
Physiologically, NHEJ plays an important role in the V(D)J recombination during 
maturation of pre-B cells (Hübscher, 2010). In yeast, Pol4 is the only polymerase im-
plicated in NHEJ. In mammalian cells, the responsible polymerases are the Pols λ, µ 
and terminal deoxynucleotidyltransferase (TdT) (Benedict et al., 2000; Bertocci et al., 
2006; Kawamoto et al., 2005; Maloisel et al., 2008; Sebesta et al., 2011; Sharma et 
al., 2012). All these polymerases contain the BRCA1 C-terminal (BRCT) domains. 
Pol μ and λ share the most homology with Saccharomyces cerevisiae Pol4, and both 
appear to be expressed in mammalian somatic cells. TdT is expressed only in pre-B 






1.6.1.4 Homologous recombination (HR) 
In contrast to NHEJ, the homologous recombination HR needs a homologous DNA 
template to repair the damaged DNA strand, which reduces the chances of errors 
(Hübscher, 2010). The need for a homologous DNA template results in cell cycle de-
pendency, therefore HR is only taking place during late-S or G2 phase, when a daugh-
ter DNA duplex is present (Jackson and Bartek, 2009). When DSBs are recognized by 
the MRE11-RAD50-NBS1 (MRN) complex, ATM is activated and HR is initiated 
(Williams et al., 2007). The DNA repair protein RAD50 has ATPase domains inter-
acting with MRE11 and associating with DNA ends (Williams et al., 2007). MRE11 
acts as exo- and endonuclease initiating the first step of HR that requires end resection 
of the 5’end by exonucleases to generate 3’ single stranded DNA. Following this end 
resection, the 3’ssDNA can directly be annealed to the homologous sequences (Fig. 
21D). The third subunit of this complex is NBS1 that acts with MRE11 and recruits 
ATM. NSB1 function is not yet completely understood but most likely it forms ssD-
NA oligos involved in end resection (Jazayeri et al., 2008; Kanaar and Wyman, 2008; 
Lee and Paull, 2005). DNA end resection takes place during S and G2 phase of the 
cell cycle in the presence of sister chromatids that are needed for HR. The generated 
3’ssDNA leads to RPA accumulation that in consequence leads to ATR activation. 
RPA is removed from the 3’ssDNA and RAD51 filaments are assembled resulting in 
RAD51-dependent strand invasion of the sister chromatid creating during S/G2-phase 
forming D loop structures that migrate following the DNA synthesis (West, 2003). 
The D-loop structures are either cleaved or displaced resulting in crossover or non-
crossover events, respectively. RAD51 recombinase assembles to mediate strand in-
vasion dependent on CDK phosphorylation of BRCA2 that is bound to the ssDNA. 
This is limited to S/G2 phase of the cell cycle and leads to the initiation of HR (Esashi 
et al., 2005; West, 2003). Alternatively, double holiday junctions (HJ) are formed 
capturing the second end by branch migration (West, 2003). Solving the HJs can re-





Figure 21. Alternative DNA Repair Pathways Involved in the Repair of Double-Strand Breaks 
A) Ku associates to DSBs and recruits DNA-PKcs and promotes NHEJ. DNA ends assemble DNA end protection 
factors to facilitate the direct ligation of the ends. B) HR is initiated with the recruitment of MRN to DSBs by 
PARP. This mediates DSB resection to promote homologous recombination in S and G2. After DSB resection and 
formation of RPA-coated 3’ ssDNA ends RPA is displaced from the 3’ ssDNA ends strand invasion into homolo-
gous DNA sequences is started. The formed D loops can be cleaved displaced to generate crossover or noncrosso-
ver events, respectively. C) Limited DSB resection in G1 results in alternative NHEJ. D) Following DSB resec-






1.6.1.5 Mismatch repair (MMR) 
The mismatch repair (MMR) pathway is highly conserved among species and can al-
so be found in prokaryotes and yeast. The MMR is responsible for solving base-base 
mismatches or errors occurring during replication or recombination (inser-
tions/deletions). These errors occur with a frequency of every 107 per inserted nucleo-
tide (Baarends et al., 2001; Christmann et al., 2003; Kolas and Cohen, 2004; Modrich 
and Lahue, 1996). The MMR pathway in E.coli has been studied extensively and sev-
eral MMR proteins are conserved among bacteria and humans. 
The human ATPases hMutSα and hMutSβ are responsible for mismatch recognition 
and repair. Four hMutLs associate with hMutSs coordinating the initiation of the re-
spective DNA repair machinery. hMutLα for example is responsible for initiating the 
MMR pathway whereas hMutLγ plays a role during meiosis. The first step in MMR is 
the binding of a MutS heterodimer to the mismatch. The sliding clamp PCNA helps 
with the recruitment ofMutSα/β to the newly synthesized DNA. The exonuclease 
EXO1 catalyses the 3’nick-directed repair. After the first step of recognizing the 
3’nick and the mismatch, MutLα endonuclease incises the DNA 5’ to the mismatch in 
a PCNA and RCF dependent manner. The next step includes EXO1 that excises the 
mismatch 5’ à 3’ starting from the MutLα-incision site until it reaches the mismatch. 
Pol δ is further recruited to the gapped single strand DNA and fills in the nucleotides 




1.7 Oxidative stress 
Oxidative stress in cells is an imbalance of oxygen species content and the ability of 
the cell to neutralize those components. Oxidative stress is induced by exogenous 
sources like pollution, smoking, chemicals or radiation, but can also be induced by 
endogenous stressors like inflammation or metabolism. Oxidative stress is mostly 
caused by the formation of highly reactive oxygen species (ROS) that consist of oxy-
gen or nitrogen molecules with one or more unpaired electrons. 
ROS can be divided into three distinct groups. The first group contains the superoxide 
anion radical. Radicals are highly reactive due to their unpaired electron and cause 
severe damage by impacting cellular mechanisms that might consequently lead to cel-
lular death (de Lamirande and Gagnon, 1993). The second group contains hydrogen 
peroxyde, hydroxyl and peroxyl radicals. The third group compromises all the nitro-
gen compounds (Agarwal et al., 2014b). 
DNA is highly susceptible to oxidative stress. This might affect the DNA integrity by 
inducing alterations in the DNA sequence that can tremendously affect the physiology 
of the cell. The base guanine has a low redox potential, leading to oxidized DNA base 
products, such as 7,8-dihydro-8-oxoguanine (8-oxo-G) (Neeley and Essigmann, 
2006). 8-oxo-G is induced upon oxidative stress in cells and is the best-investigated 
oxidized form of guanine, often used as a biomarker to quantify the amount of oxida-
tive stress within cells (Burrows and Muller, 1998; Klaunig and Kamendulis, 2004; 
Neeley and Essigmann, 2006). The conformation of 8-oxo-G (addition of an oxo 
group and a nitrogen group) mimics the conformation of a thymine. Consequently, the 
G-to-T transversion has major consequences during the next replication cycle, when 
an adenosine at the opposite DNA strand is misincorporated (Neeley and Essigmann, 
2006). The driving DDR for oxidation induced DNA damage is the BER pathway that 
specifically detects these lesions and repairs them. 
 
1.7.1 Oxidative stress in gametes 
1.7.1.1 Oxidative stress in sperm 
Oxidative stress has been established as one of the main causes of male infertility and 
implicated in many diseases associated with infertile men (Agarwal et al., 2014b).  
The formation of ROS induces oxidative stress and causes damage in sperm either 




22) (Tremellen, 2008). The cell membrane of sperm harbours high levels of polyun-
saturated fatty acids, which keep the sperm flexible and enable the fusion of the sperm 
membrane with that of the oocyte (Hwang and Lamb, 2012). Unfortunately, unsatu-
rated fatty acids are highly susceptible to oxidative attacks and render sperm highly 
susceptible to oxidative damage. Moreover, the particularly susceptibility of sperm to 
DNA damage can also be ascribed to the lack of antioxidant protection, as a result of 
the restricted distribution and minimal volume of sperm cytoplasm, and a paucity of 
DNA repair mechanisms within a cell that possesses very little capacity for transcrip-
tion or translation (Cocuzza et al., 2007; de Lamirande and Gagnon, 1995).  
 
 




Oxidative DNA damage in sperm is frequently associated with errors in DNA com-
paction resulting from inadequate protamination of the sperm chromatin, which might 
increase the susceptibility to oxidative attack (Aitken and De Iuliis, 2010; De Iuliis et 
al., 2009). Errors during the protamination process were shown to be influenced by 
the paternal age, alterations in hormone levels (like FSH, LH), genetic mutations in 
the newly incorporated protamines or due chemotherapeutic treatment, all cases 
showing elevated DNA damage (Aleem et al., 2008; Plastira et al., 2007; Spermon et 
al., 2006). 
Sources of oxidative stress in sperm are mainly described as endogenous sources like 




Baker, 1995; Mazzilli et al., 1994). Additionally, several exogenous stressors are 
known to negatively influence the sperm integrity and/or function. Exogenous sources 
like radiation, chronic stress, air pollution or chemicals, such as herbicides, drugs, 
cigarette smoke or alcohol abuse were shown to drastically increase ROS concentra-
tions in semen, resulting in DNA fragmentation, a higher number of leucocytes in the 
semen itself, decrease of conception rates, and increase the incidence of childhood 
cancer (Fig. 22) (Ji et al., 1997; Menezo et al., 2010; Mostafa et al., 2006; Saleh and 
Agarwal, 2002; Sepaniak et al., 2004; Trummer et al., 2002; Villalta et al., 1997; 
Zitzmann et al., 2003). 
Spermatozoa are professional generators of reactive oxygen species (ROS), which 
appear to derive from three potential sources: sperm mitochondria, cytosolic L-amino 
acid oxidases, and plasma membrane nicotinamide adenine dinucleotide phosphate 
oxidases (NOX) (Aitken, 2017; Tremellen, 2008; Valko et al., 2007). The oxidative 
stress created via these sources appears to play a significant role in driving the physio-
logical changes associated with sperm capacitation through the stimulation of a cyclic 
adenosine monophosphate/Protein kinase A phosphorylation cascade, including the 
activation of extracellular signal regulated kinase-like proteins, massive up-regulation 
of tyrosine phosphorylation in the sperm tail, as well as the induction of sterol oxida-
tion (Aitken, 2017). Moreover, ROS are also essential requirements of spermatozoa 
for other sperm processes, such as hyperactivated motility and acrosomal reaction that 
lead to successful fertilization (Aitken, 2017; de Lamirande and Gagnon, 1995; de 
Lamirande and O'Flaherty, 2012). When generated in excess, however, ROS are det-
rimental for sperm hyperactivation and capacitation, reduce sperm motility, affect the 
fertilization potential and induce DNA damage or even cellular death (Agarwal et al., 
2008; de Lamirande and Gagnon, 1995). Sperm contain high amounts of mitochon-
dria in their midpiece, which provides the necessary energy for the progressive motili-
ty (Tremellen, 2008; Valko et al., 2007). Abnormal mitochondria function was shown 
to endogenously produce high levels of ROS (Sanocka and Kurpisz, 2004). Elevated 
ROS can induce lipid peroxidation, the generated lipid aldehydes bind to proteins in 
the mitochondrial electron transport chain, triggering yet more ROS generation in a 
self-perpetuating cycle, a process that is difficult to reverse (Bogenhagen, 1999; Liu 
et al., 2004a; Taylor and Turnbull, 2005).  
All these results indicated that ROS are a two-edged sword in spermatozoa: a low 




processes associated with sperm capacitation and fertilization potential, whereas over-
exposure to ROS leads to a state of oxidative stress that impairs the fertilizing poten-
tial as well as the capacity of these gametes to support the initiation of normal embry-
onic development (Aitken, 2017). 
1.7.1.2 Oxidative stress in oocytes 
In contrast to sperm, examining and quantifying oxidative stress in oocytes is more 
difficult since the oocyte is protected within the follicle and is surrounded with cumu-
lus cells. Because of this, it has been proposed that the oocyte is well protected from 
oxygen-induced DNA damage. Additionally, the oxygen partial pressure in the female 
reproductive tract, also during pregnancy, is kept low (Fischer and Bavister, 1993). 
Nevertheless, as described for sperm, also in oocytes ROS represent the major source 
of DNA damaging agent, thereby inducing lipid peroxidation, inhibition of protein 
synthesis and depletion of the ATP pool (Ray et al., 2004). Moreover, ROS are de-
scribed to negatively influence oocyte maturation, ovarian steroidogenesis, ovulation, 
implantation, blastocyst formation, luteolyses and luteal maintenance in pregnancy. 
Additionally, the age-dependent reduction in fertility in women might be also due to 
constant oxidative stress during meiotic arrest (de Bruin et al., 2002; Ishikawa, 1993; 
Jozwik et al., 1999; Sugino et al., 2000; Suzuki et al., 1999; Vega et al., 1998). DNA 
repair in the early embryonic development is described as a maternal trait, since DNA 
repair transcripts accumulated in the oocyte contribute to the repair of damaged DNA 
after fertilization, before the embryonic genome is activated (Menezo et al., 2007). 
1.7.1.3 DNA damage response in gametes 
In a physiological context, the DDR plays a key role in generating genetic diversity 
via sexual reproduction, in meiosis, the cell-division pathway that generates haploid 
gametes. Prior to MI, homologous chromosomes align and exchange genetic infor-
mation by HR. DSB in meiosis occur in a coordinated manner through controlled 
breakage under the control of the specific topoisomerase II variant (SPO11) that is 
exclusively located to meiotic cells (Bergerat et al., 1997; Keeney et al., 1999; 
Keeney et al., 1997; Neale and Keeney, 2006; Romanienko and Camerini-Otero, 
1999). 
Alterations in DDR components have been frequently associated with infertility. For 
example, ATM knockout in mice leads to an arrest in meiotic pachytene stage (Xu et 




cases, where sperm progenitors were shown to be arrested in development and, con-
sequently, not able to fertilize the oocyte (Baarends et al., 2001). The NER core com-
ponents, ERCC1, PCNA and RPA were found to be expressed in several stages dur-
ing spermatogenesis some NER proteins were also detected in oocytes in rhesus mon-
keys (Hsia et al., 2003; Jaroudi and SenGupta, 2007; Shannon et al., 1999). So far, it 
is not known whether NER plays a role in spermatogonial cells. However, a study in 
620 infertile men showed a significant association between xeroderma pigmentosum 
complementation group A protein (XPA) (-4) G/A polymorphism, a polymorphism 
affecting the promoter and altering gene transcription (Gu et al., 2010; Sugitani et al., 
2016). Interestingly, Xpa-deficient male mice start to become infertile after 24 months 
due to a defect during spermatogenesis and diminished testis (Nakane et al., 2008). 
Mismatch repair in gametes is the most important pathway, since it detects the errors 
done by the replication machinery, during maturation. An oocyte undergoes approxi-
mately 20 replication cycles during its lifetime, whereas the sperm undergo about 
1000 mitotic divisions until the men reaches 50 years of age. The mutation rate in the 
germline is estimated about 0.1%, nevertheless this rather small percentage of muta-
tions accumulates during mitosis and is therefore thought to drive evolution within 
species (Agulnik et al., 1997; Hurst and Ellegren, 1998). Knockout mice for MMR 
components showed several symptoms, including male and female infertility, predis-
position for hereditary colon cancer or defects in meiotic recombination (Arnheim and 
Shibata, 1997; Baker et al., 1996; Edelmann et al., 1996). Additionally, MMR KO 
animals showed severe defects in homologous recombination during meiosis, leading 
to the conclusion that MMR plays a major role in faithfully fulfilling homologous re-
combination during meiosis (Baarends et al., 2001). MMR activity declines during 
spermatogenesis since the cells become mitotically arrested. In the female germ cells, 
MMR becomes activated after finishing DNA replication interestingly, MMR-specific 
proteins were found in human MII oocytes and even blastocysts (Jaroudi et al., 2009). 
Another important factor to be taken into consideration for male germ cells is that the 
apoptotic pathway that serves to eliminate defect stem cells is active only at the be-
ginning of spermatogenesis whereas the ability to undergo apoptosis is lost later in 
spermatogenesis (Lewis and Aitken, 2005). Accordingly, sperm harbouring DNA 
damage are even able to fertilize oocytes, suggesting that the damage is recognized 
and repaired during early embryonic development with the help of the repair machin-




Until recently, the DNA repair in mature spermatozoa has been considered to not take 
place due to the high level of DNA compaction observed in these cells. Interestingly, 
the first enzyme of the BER pathway, 8-oxoguanine DNA glycosylase 1 (OGG1), a 
DNA glycosylase that excises 8-oxo-G, has been identified in the chromatin of human 
spermatozoa (Smith et al., 2013). This sperm-derived OGG1 was not only found to be 
present at both the mRNA and protein level, but was also capable of cleaving 8-oxo-G 
adducts from sperm nuclear DNA to create the corresponding abasic sites. Despite the 
presence of OGG1 in sperm chromatin, the subsequent enzymes of the BER pathway, 
APE1 and XRCC1, could not be detected within human spermatozoa, suggesting that 
this repair pathway can only be driven to completion by the oocyte, post-fertilization 
(Smith et al., 2013). Interestingly, a recent study, utilizing the mouse model, deter-
mined a marked acceleration of 8-oxo-G repair in the mouse oocyte/zygote by the 
BER pathway following fertilization (Lord and Aitken, 2015). Specifically, it was 
shown that fertilization initiates post-translational modification to BER enzymes such 
as OGG1 and XRCC1, causing nuclear localization and accelerated 8-oxo-G excision. 
Remarkably, the expression of OGG1 in oocytes is relatively low whereas in the male 
germ line OGG1 is the only constituent of the BER pathway. These results proposed 
that the male and female germ lines collaborate in the repair of oxidative DNA dam-
age, and highlight the necessity of OGG1 activity in the sperm cell prior to fertiliza-
tion to lower the burden of 8-oxo-G repair on the oocyte (Lord and Aitken, 2015). 
1.7.2 Oxidative stress in embryogenesis 
Oxidative stress in embryogenesis is known to be detrimental for proper embryo de-
velopment. Oxidative stress is mainly seen in in vitro derived embryos, since embryos 
developed in utero are kept at low oxygen pressure (2-7%), whereas in vitro derived 
counterparts have to deal with atmospheric oxygen partial pressure (20%). Many 
studies in different species demonstrated severe effects of oxidative stress on embryo-
genesis in vitro (Fischer and Bavister, 1993; Takahashi, 2012). 
Oxidative stress in in vivo derived embryos mainly occurs due to the fast development 
of the embryo that requires high levels of energy or via the intake of xenobiotics or 
irradiation (Wells et al., 2009). The energy necessary for proper embryo development 
is generated by ATP production in mitochondria via oxidative phosphorylation and 
glycolysis. Unfortunately, during ATP synthesis ROS are built as a side product, and 




larly susceptible to oxidative stress in embryogenesis such as embryonic genome acti-
vation, embryo compaction and hatching (Agarwal et al., 2003; Guerin et al., 2001). 
The exposure to high levels of ROS induce severe DNA damage and can influence 
the transcriptional program during embryogenesis, reduction in blastomere formation, 
reduction in blastocyst formation, apoptosis, and fragmentation of the embryo  
(Agarwal et al., 2014a; Agarwal et al., 2003; Rinaudo et al., 2006). Oxidative stress 
during embryogenesis may also have postnatal consequences like birth defects, post-
natal functional deficits and disease (Wells et al., 2009).  
Whereas oxidative stress during embryogenesis plays a minor role per se, the contri-
bution of oxygen-induced DNA damage from the parental genomes however, does 
play a crucial role and is a major factor that zygotes have to deal with in order to en-
sure embryonic integrity.  
1.7.2.1 DNA damage response in embryogenesis 
Spermatozoa and oocyte accumulate oxidative DNA lesions that contribute to the zy-
gote. The repair of these lesions prior zygotic S-phase is inevitable for ensuring em-
bryonic integrity and healthy offspring. As described in the previous chapters, sper-
matozoa are highly susceptible to oxidative stress and contain reduced DNA damage 
response capacity (Aitken and Baker, 1995; O'Flaherty et al., 2006). Consequently, it 
is traditionally thought that repair is achieved after fertilization, in the zygote, using 
the repair factors provided by the oocyte (Menezo et al., 2007; Shimura et al., 2002). 
However, the embryonic cell cycle differs from the cell cycle described in somatic 
cells since it lacks a gap phase before and after replication (Newport and Kirschner, 
1982a). This fast cell cycle progression facilitates the fast and synchronous cleavages 
that occur during early stages of development. Additionally, the embryonic cell cycle 
lacks the usual checkpoints, which arrest cell cycle due to incomplete replication, 
DNA damage or disrupted spindles (Conn et al., 2004). So far it is not completely un-
derstood how mammalian zygotes respond to DNA damage. Induced DNA damage 
revealed that zygotes lack the usual G1/S or G2/M checkpoints (Baart et al., 2004; 
Shimura et al., 2002). DNA damage is detected during sperm head decondendsation 
and induces p53 phosphorylation that is distributed in the male pronucleus and is fur-
ther distributed across the cytoplasm to the maternal pronucleus ensuring a crosstalk 
between the two pronuclei (Shimura et al., 2002). p53 usually induces a cell cycle ar-




G1/S border but during S-phase and this process was p53-dependent, suggesting that 
this represents an embryonic specific checkpoint. (Shimura et al., 2002).  p21 is an-
other well known cyclin dependent kinase inhibitor that is activated either p53-
dependently or independently and regulates G1/S and G2/M transition (Baus et al., 
2003; Gartel and Tyner, 2002; Taylor and Stark, 2001). Mouse embryos that were ob-
tained after fertilization with irradiated sperm surprisingly did not arrest at zygote 
stage but arrested only after 2.5 to 3.5 days after fertilization in a p21 dependent man-
ner. These results suggest a hierarchy of the damage response during early embryo-
genesis where p53 acts from the beginning and p21 acts only after morula/blastocyst 
stage (Adiga et al., 2007). 
Once the cell cycle is arrested an adequate DNA damage response has to occur. Prior 
S-phase the only available DNA repair enzymes are the ones inherited from the oo-
cyte and indeed, the oocyte was shown to accumulate DNA repair mRNAs and pro-
teins in their cytoplasm during oogenesis that were still present in the zygote (Menezo 
et al., 2007; Zheng et al., 2005). This is particularly important since transcription of 
new DNA repair genes is not available until 2-cell stage embryos in mice and 4-cell 
stage embryos in humans (Braude et al., 1988; Flach et al., 1982). Additionally, zy-
gotes posses limited ability of 8-oxo-G repair that in consequence allows progression 
through S-phase in the presence of DNA damage (Aitken et al., 2009; Chabory et al., 
2009; Lane et al., 2014; Ronen and Glickman, 2001; Takahashi, 2012; Vinson and 
Hales, 2002). Although, pre-S-phase zygotes harbour low amounts of OGG1, shortly 
after fertilization an increase in BER activity was detected that could not be attributed 
to gene expression since EGA is initiated only after 2-4 cell stage (Flach et al., 1982; 
Lord and Aitken, 2015). The increase in BER activity was shown to be PTM-
dependent, phosphorylation on BER enzymes such as XRCC1 and OGG1 caused nu-
clear localisation and thus enhanced 8-oxo-G excision (Lord and Aitken, 2015). Sur-
prisingly, when XRCC1 is lost DNA lesions on the paternal genome could anyways 
be repaired in a cohesin dependent manner, suggesting that HR, that requires the func-
tion of cohesion, can act redundantly to the BER pathway. Loss of cohesin in contrast, 
resulted in a delayed mitotic entry. This cohesin dependent pathway required the 
presence of the paternal genome and was shown to only act on TET3-induced damage 
during DNA demethylation (Ladstatter and Tachibana-Konwalski, 2016). The in-
volved repair mechanisms driving DNA demethylation was described elsewhere (see 




posed to be implicated in the repair of DSBs in zygotes (Derijck et al., 2008; 
Generoso et al., 1979; Matsuda et al., 1989). 
An alternative pathway of zygotes to react on DNA damage was recently postulated. 
In this regard, it was proposed that zygotes are generally defective of the ability to 
undergo apoptosis, but they are able to modulate embryonic development based on 
DNA damage in such a way that further progression is prohibited (Gawecka et al., 
2013). Thereby, pronucleus formation seems not to be affected but the zygote sensed 
the DNA damage through phosphorylation of H2AX in the pPN. As consequence, 
replication on the pPN is delayed whereas the mPN progresses orderly. This somehow 
results in a delay in crossing the G2/M border, where some of the zygotes are arrest-
ed. Interestingly, the embryos that are able to pass the checkpoint eventually die at 




1.8 Assisted reproduction techniques (ART) 
Assisted reproductive technologies encompass fertility treatments that handle the 
eggs, sperm or embryos outside the body, and provide a helpful approach to treat in-
human fertility (Canovas et al., 2017b). The first “test tube baby” was Louise Joy 
Brown, born in England on 25 July 1978. Her birth represents the cornerstone in the 
development of assisted reproduction. The use of ART has doubled during the last 
decade and makes up around 2% of the yearly born children (Canovas et al., 2017b). 
Reproductive biotechnologies are also widely used in large animal production. In 
1981, the first calf after ART was born. Worldwide, more than 900,000 bovine em-
bryos are produced yearly (Duranthon and Chavatte-Palmer, 2018). Cattle, together 
with small ruminants, account today for the largest part of the economy of large, me-
dium or small farmers in developing countries worldwide. The use of reproductive 
biotechnologies has a clear economic impact since it allows shortening of generation-
al intervals and propagation of genetic material among breeding animal populations. 
Although in vitro production has been achieved in farm animals, several existing limi-
tations have led to varying degrees of success among different livestock. This is most-
ly due to differences in oocyte quality and experimental procedures for in vitro matu-
ration and in vitro embryo developments, which are difficult to standardize between 
the different countries and laboratories (Perry, 2016). 
1.8.1 Techniques 
ART include a wide variety of techniques. The most commonly performed ART pro-
cedure is the in vitro fertilization (IVF), where oocytes and sperm are taken from the 
donors. Robert G. Edwards developed human IVF and for this work he was awarded 
in 2010 with the Nobel Prize in Physiology or Medicine (Fig. 23). Edwards’ seminal 
achievements attracted many other researchers to the field of reproductive medicine, 
resulting in rapid technical development. The laparoscopic recovery of oocytes used 
in his study was replaced by a vaginal ultrasound-guided oocyte recovery method and 
cryopreservation of surplus human embryos was introduced (Trounson and Mohr, 
1983). Successful IVF of in vitro matured human oocytes was reported in 1994 
(Trounson et al., 1994), a method important to women that are sensitive to ovarian 
hormone stimulation protocols and to women that risk losing their ovarian pool of oo-
cytes due to treatment of cancer. Further improvements in IVF have been made in all 




the final step of transfer. In women, stimulation of follicles in the ovaries can be 
achieved through hormone therapy. As alternative to the induction of superovulation 
there is the possibility to recover immature oocytes from unstimulated ovaries and 
matured them in vitro. In cattle or other farm animals, oocytes are collected from 
slaughterhouse-derived ovaries or from live donors using ovum pick-up. Thus, in 
farm animals, successful IVF strongly depends on in vitro maturation of oocytes since 
they are still arrested in meiosis I. After that, IVF proceeds with the fertilization of 
matured oocytes with capacitated sperm followed by in vitro culture of zygotes until 
they reach the blastocyst stage. Usually, around 30-40% of blastocyst rate can be 
achieved by using IVF (Perry, 2016). Blastocysts formed during this period are then 
transferred to synchronized recipients or are frozen for future use. Because in vitro 
produced ruminant embryos are generally less cryotolerant than in vivo produced 
ones, blastocysts are mostly transferred fresh in sheep whereas in cattle, only a quarter 
are cryopreserved versus >60% of in vivo produced embryos (Dattena et al., 2000; 
Duranthon and Chavatte-Palmer, 2018; Papadopoulos et al., 2002; Perry, 2016). 
 
 
Figure 23. The principle for IVF as developed by Edwards. Oocytes arrested at the metaphase stage of meiosis 
II are retrieved prior to ovulation from the ovary by laparoscopy. The oocytes are placed in a culture dish and 
mixed with sperm in a medium that promotes sperm activation in vitro. The fertilization process results in the for-
mation of an embryo that undergoes a number of cell divisions in vitro. The embryo is transferred back to the uter-
us at the 8-cell stage. The embryo will divide further in the uterus until it reaches the blastula stage and thereafter 
implant into the wall of the uterine lining, the endometrium. Taken from https://www.nobelprize.org. 
 
Intracytoplasmatic sperm injection (ICSI) is a popular method used in assisted con-
ception, and live offspring have been born from a variety of species, including hu-




sperm cell directly into the cytoplasm of a mature metaphase II oocyte bypassing nat-
ural process of sperm oocyte interaction (Salamone et al., 2017). The other steps (oo-
cyte maturation and in vitro embryo development) are the same in ICSI and IVF. ICSI 
is an effective treatment for men with infertility and is usually applied in patients with 
very low sperm count, poor morphology and motility. However, the success of ICSI 
has been limited in farm animals (Salamone et al., 2017). The most extreme case is 
the cow, whose fertilization rates after ICSI are critically low (Arias et al., 2014; 
Chung et al., 2000; Devito et al., 2010). In sheep, although fertilization rates after 
ICSI can be improved by artificial activation treatments, development to blastocyst 
continues to be low (Shirazi et al., 2011). With regard to pigs, ICSI became an alter-
native fertilization technique for research purposes, since IVF produces high rates of 
polyspermia (Coy and Romar, 2002). In contrast to other species, the use of ICSI for 
elite horse reproduction has increased in recent years (Salamone et al., 2017). In this 
species, embryo production by IVF continues to be a challenge, since it has not been 
possible to obtain repeatable results (reviewed by (Leemans et al., 2016)). For this 
reason, the combination of ovum pick-up and ICSI followed by non-surgical embryo 
transfer to recipient mares is the current routine protocol for in vitro embryo produc-
tion in horses. In recent years, surprising efficiency of this protocol ended in its inclu-
sion in commercial breeding programs (Galli et al., 2014). 
Somatic cell nuclear transfer (SCNT) is a technique in which the nucleus of a somatic 
cell is transferred into an enucleated metaphase-II oocyte for the generation of a new 
individual, genetically identical to the somatic cell donor. Dolly, the sheep, born in 
1996, was the first mammal cloned using SCNT (Wilmut et al., 1997). Somatic clon-
ing may be used to generate multiple copies of genetically elite farm animals, to pro-
duce transgenic animals for pharmaceutical protein production or xeno-
transplantation (Tian et al., 2003). SCNT is used commercially for a very limited 
number of animals. Among livestock, cattle have been cloned in the greatest number 
because of the potential commercial interests of the cattle industry and breeders (Galli 
et al., 2014). 
1.8.2 Epigenetic impact of ART 
As discussed in the previous chapters, early stages of mammalian embryonic devel-
opment have been shown to be very sensitive to their microenvironment, with long 




conditions than natural conception and chemical and physical variants in the envi-
ronment of gametes and embryos substantially differ from physiological conditions 
(Duranthon and Chavatte-Palmer, 2018). 
Epigenetic risks in ART born children are often a matter of concern. Examples of this 
are the Angelman and Beckwith-Wiedemann syndromes, which present defects of 
genomic imprinting. It was reported 71% of the Angelman's Syndrome patients 
among IVF/ICSI born children versus 5% after natural conception, and 90% of the 
Beckwith-Wiedemann cases in IVF/ ICSI born children versus 40–50% after natural 
conception (Manipalviratn et al., 2009). Evidence also indicated DNA methylation 
differences at specific imprinted loci in cord blood, placenta or mouth cells of 
IVF/ICSI conceived children compared to naturally conceived controls (reviewed in 
(Duranthon and Chavatte-Palmer, 2018)). Large scale analyses have also provided 
further evidences that ART or associated subfertility may be associated with genome-
wide changes in DNA methylation, and these changes appear to be, at least in part, 
due to epigenetic instability in ART pregnancies (Melamed et al., 2015). However, 
since ART procedures are most often applied in a context of couple infertili-
ty/subfertility, confounding effects are always difficult to exclude. Thus, results ob-
tained in animals using fertile males and females may help discriminate effects linked 
to infertility/subfertility and effects due to ART procedures per se (Duranthon and 
Chavatte-Palmer, 2018). However, also in this case, difference in species and ART 
techniques and procedures need also to be carefully taken into consideration. 
In cattle in vitro production (IVP), fetal overgrowth phenomenon, most often referred 
to as the large offspring syndrome (LOS), has been described in late gestation, induc-
ing parturition difficulties, and neonatal mortality (Bertolini et al., 2004). In sheep, 
IVP has been reported to delay development around the time of implantation (Ptak et 
al., 2013). As in the case of cattle, placental vascularization together with the expres-
sion of genes involved in angiogenesis and steroid receptors were shown to be affect-
ed by IVP in early gestation (Fidanza et al., 2014). These effects were associated with 
abnormalities in global DNA methylation in the placenta, most probably related to the 
reduced DNMT1 expression and enzyme activity observed at the time of implantation 
(Ptak et al., 2013). Interestingly, embryos for which DNMT1 expression was most 
affected did not survive implantation whereas those where DNMT1 expression was 




neck for the development of IVP embryos (Duranthon and Chavatte-Palmer, 2018; 
Ptak et al., 2013). 
Several studies have shown that ART affects DNA methylation patterns, genomic im-
printing status, and imprinted gene expression in mouse, pig and cow embryos, 
among other species (Canovas et al., 2017a; Chen et al., 2015; de Waal et al., 2014; 
Salilew-Wondim et al., 2015). It has been proposed that DNA methylation might act 
as a sensor of the in vitro culture modifications and other perturbations. For example, 
the kinetics of DNA methylation and hydroxymethylation in rabbit embryos, as as-
sessed by immunofluorescence, were altered by modifications in the in vitro culture 
system (“one-step” vs. “sequential”) (Salvaing et al., 2016). A recent analysis ob-
served alterations of methylation at ICRs of H19, KCNQ1OT1, and SNRPN, indicat-
ing that ART human preimplantation embryos possess a high frequency of imprinted 
methylation errors (White et al., 2015). Another study revealed alterations in expres-
sion and DNA methylation at genes related to lipid and cholesterol metabolism in 
ICSI-conceived fetus compared to the IVF and control groups (Lou et al., 2014). In 
case of humans, however, these analyses remain quite complex in their interpretation. 
Indeed, the patients who receive ART may differ both demographically and genetical-
ly from the general population at reproductive age. Moreover, patients requesting 
ART have a low fertility rate, an increased reproductive loss rate and are often of ad-
vanced age, all of which are associated with various fetal and neonatal abnormalities 
(Duranthon and Chavatte-Palmer, 2018). 
Because of the higher frequency of defects been reported among ART-conceived in-
fants, a recent study performed a whole-genome DNA methylation analysis from sin-
gle pig blastocysts in order to detect differences between in vivo and in vitro produced 
embryos (Canovas et al., 2017a). This work analysed expression and DNA methyla-
tion of blastocysts produced in vitro either without (C-IVF) or in the presence of natu-
ral reproductive fluids (Natur-IVF). The results revealed that Natur-IVF embryos 
were of higher quality than C-IVF in terms of cell number and hatching ability. 
Moreover, Natur-IVF embryos had expression and DNA methylation patterns closer 
to in vivo blastocysts. Finally, genes involved in reprogramming, imprinting and de-
velopment were affected by culture, with fewer aberrations in Natur-IVF embryos. 
These results clearly indicated that culture conditions in ART might affect embryo 
quality and opened the possibility of exploring the use of natural fluids in the human 




Another factor that can affect ART is the building of ROS. In vitro produced embryos 
have to deal with atmospheric oxygen pressure (21%), while oxygen partial pressure 
in the oviduct is between 5-7% (Fischer and Bavister, 1993; Harvey, 2007). A recent 
study analysed expression and DNA methylation of bovine blastocysts produced in 
vitro at high (20%) or low (5%) oxygen partial pressure and found that embryos under 
high oxygen partial pressure possessed elevated ROS abundance and presented al-
tered expression of the epigenetic-associated transcripts DNMT3A, H2AFZ, H3F3B, 
HDAC2, MORF4L2, REST, and PAF1. In addition, these embryos have increased 
global DNA methylation, suggesting that DNA hypermethylation is mediated by the 
deregulation of epigenetic-related enzymes due to oxidative stress (Bomfim et al., 
2017). A clear readout of this study is the necessity to optimize devices that avoid the 
exposure of the embryos to even subtle variations in their environmental conditions. 
 
As described in the previous chapters, preimplantation embryo development experi-
ences a highly controlled dynamic DNA methylation. The impact of ARTs on the 
DNA methylation profile and consequently gene expression highlights the importance  
to understand health risks that may be associated with ART by increasing the safety 
of these technologies. Research on ART procedures, deciphering their consequences 
on DNA methylation, as well as establishing alternative, improved or complementary 
methods to minimize the risks, are more than ever necessary, considering the increas-







Infertility affects around 15% of all couples of reproductive age, with about 50% be-
ing associated with abnormalities in the male. Most of the cases of male infertility are 
caused by abnormal spermatogenesis and failure in sperm function. Reactive oxygen 
species (ROS)-induced oxidative stress is well-known to play a major role in male 
factor infertility. Sperm are particularly susceptible to the damaging effects of ROS 
since their cell membrane is composed of large amounts of unsaturated fatty acids, 
which can be oxidized, and contain few amounts of scavenging enzymes able to neu-
tralize ROS. These factors can affect membrane integrity, motility as well as the abil-
ity to fertilize oocytes. Furthermore, DNA fragmentation may harm the paternal ge-
netic contribution to the developing embryo. The post-meiotic phase of mouse sper-
matogenesis is very sensitive to the genomic effects of environmental mutagens be-
cause as soon as male germ cells form mature sperm they progressively lose the abil-
ity to repair DNA damage. To a certain extent the maternal repair machinery in the 
zygote can repair DNA damage of the incoming paternal genome, however extensive 
DNA damage in sperm can exceed the maternal repair capacities and have a direct 
impact on subsequent development. To this point, how oxidative stress in sperm af-
fects early development is not fully understood. 
 
The aim of my PhD work was to determine the impact of oxidative stress in sperm in 
early embryonic development and understand whether and how oxidative DNA le-







3.1 Research articles 
3.1.1 Oxidative stress in sperm affects epigenetic reprogramming in early 
embryonic development 
Authors: Sarah Wyck, Carolina Herrera, Cristina Requena-Torres, Lilli 
Bittner, Petra Hajkova, Heinrich Bollwein & Raffaella Santoro 
 
Abstract Reactive oxygen species (ROS)-induced oxidative stress is well 
known to play a major role in male infertility. However, how oxida-
tive DNA lesions in sperm affects early development remains elusive. 
Using cattle as model, we show that oxidative stress induces DNA 
damage in sperm and causes an arrest at later stages of embryo devel-
opment, close to the onset of embryonic genome activation. Quantita-
tive immunofluorescence analysis and ultrasensitive LC-MS-based 
measurements revealed that oxidative DNA lesions in sperm impair 
active DNA demethylation at paternal pronuclei, without affecting 5-
hydroxymethylcytosine (5hmC), a Tet3-mediated modified cytosine 
that has been linked to DNA demethylation pathways in mouse em-
bryos. Thus, active DNA demethylation in bovine embryos does not 
necessarily depend on the 5hmC pathway. Sequestration of the base 
excision repair (BER) component X-ray repair cross-complementing 
protein 1 (XRCC1) from maternal pronuclei to damaged paternal 
pronuclei indicates that oxidative DNA lesions are repaired by BER-
mediated pathways and support a role of BER in active DNA de-
methylation. Finally, we provide direct evidence that cytosines are 
incorporated into pre-replicative zygotes, suggesting that active DNA 
demethylation is mediated by nucleotide replacement activities. To-
gether, the data demonstrate that oxidative stress in sperm has an im-
pact not only on DNA integrity but also on the dynamics of epigenet-
ic reprogramming, which may harm the paternal genetic and epige-
netic contribution to the developing embryo and affect embryo devel-
opment and embryo quality.   
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3.1.2 Pramel7 mediates ground-state pluripotency through proteasomal–
epigenetic combined pathways 
Authors: Urs Graf, Elisa A. Casanova, Sarah Wyck, Damian Dalcher, Marco 
Gatti, Eva Vollenweider, Michal J. Okoniewski, Fabienne A.Weber, 
Sameera S. Patel, MarcW. Schmid, Jiwen Li, Jafar Sharif, Guido 
A.Wanner, Haruhiko Koseki, JieminWong, Pawel Pelczar, Lorenza 
Penengo, Raffaella Santoro and Paolo Cinelli 
 
Abstract Naive pluripotency is established in preimplantation epiblast. Embry-
onic stem cells (ESCs) represent the immortalization of naive plu-
ripotency. 2i culture has optimized this state, leading to a gene signa-
ture and DNA hypomethylation closely comparable to preimplanta-
tion epiblast, the developmental ground state. Here we show that 
Pramel7 (PRAME-like 7), a protein highly expressed in the inner cell 
mass (ICM) but expressed at low levels in ESCs, targets for pro-
teasomal degradation UHRF1, a key factor for DNA methylation 
maintenance. Increasing Pramel7 expression in serum-cultured ESCs 
promotes a preimplantation epiblast-like gene signature, reduces 
UHRF1 levels and causes global DNA hypomethylation. Pramel7 is 
required for blastocyst formation and its forced expression locks 
ESCs in pluripotency. Pramel7/UHRF1 expression is mutually exclu-
sive in ICMs whereas Pramel7-knockout embryos express high levels 
of UHRF1. Our data reveal an as-yet-unappreciated dynamic nature 
of DNA methylation through proteasome pathways and offer insights 
that might help to improve ESC culture to reproduce in vitro the in 
vivo ground-state pluripotency. 
 
Journal Nature Cell Biology 
DOI 10.1038/ncb3554. 
External link: https://www.nature.com/articles/ncb3554 
Contribution S.W. contributes to Figures 2E and 2F, Supplementary Figures 3A 
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Reactive oxygen species (ROS)-induced oxidative stress is well known to play a major role in 
male infertility. However, how oxidative DNA lesions in sperm affects early development re-
mains elusive. Using cattle as model, we show that oxidative stress induces DNA damage in 
sperm and causes an arrest at later stages of embryo development, close to the onset of em-
bryonic genome activation. The levels of DNA damage response did not directly correlate with 
the degree of developmental defects. Instead, paternal genome harbouring oxidative lesions 
showed an impairment of zygotic active DNA demethylation, a process that has previously 
been linked with the base excision repair (BER) pathway. Quantitative immunofluorescence 
analysis and ultrasensitive LC-MS-based measurements revealed that oxidative DNA lesions 
in sperm impair active DNA demethylation at paternal pronuclei, without affecting 5-
hydroxymethylcytosine (5hmC), a TET3-mediated 5-methylcytosine modification that has 
been linked to paternal DNA demethylation in mouse embryos. Thus, active DNA demethyla-
tion in bovine embryos does not necessarily depend on the 5hmC pathway. Recruitment of 
the BER component X-ray repair cross-complementing protein 1 (XRCC1) to damaged pater-
nal pronuclei indicates that oxidative DNA lesions are repaired by BER-mediated pathways 
and that this process occurs at the expense of DNA demethylation. Together, the data 
demonstrate that oxidative stress in sperm has an impact not only on DNA integrity but also 
on the dynamics of epigenetic reprogramming, which may harm the paternal genetic and epi-




Infertility affects around 15% of all couples of reproductive age, with about 50% being associ-
ated with abnormalities in the male (Agarwal et al., 2014b; Walczak-Jedrzejowska et al., 
2013). Most of the cases of male infertility are caused by abnormal spermatogenesis and fail-
ure in sperm function. Decrease of male fertility has been associated with environmental fac-
tors (i.e. exposure to certain chemicals, heavy metals, pesticides, and heat), smoking, alcohol 
abuse, chronic stress, obesity, urogenital trauma, and inflammation in the male reproductive 




Reactive oxygen species (ROS)-induced oxidative stress is well-known to play a major role in 
male factor infertility (Tremellen, 2008). Oxidative stress occurs when the production of poten-
tially destructive ROS exceeds the body's own natural antioxidant defences, resulting in cellu-
lar damage. Oxygen is important for the aerobic metabolism of spermatogenic cells (Sabeti et 
al., 2016; Sikka et al., 1995). In physiological amounts, ROS are essential requirements of 
spermatozoa for sperm processes that lead to successful fertilization, such as capacitation, 
hyperactivated motility and acrosomal reaction (Aitken, 2017; de Lamirande and O'Flaherty, 
2012). However, sperm are particularly susceptible to the damaging effects of ROS since 
their cell membrane is composed of large amounts of unsaturated fatty acids, which can be 
oxidized, and contain few amounts of scavenging enzymes able to neutralize ROS (Cocuzza 
et al., 2007; de Lamirande and Gagnon, 1995). These factors can affect membrane integrity, 
motility as well as the ability to fertilize oocytes (Agarwal and Saleh, 2002; Aitken et al., 
1989). Furthermore, DNA fragmentation may harm the paternal genetic contribution to the 
developing embryo (Tremellen, 2008). The post-meiotic phase of mouse spermatogenesis is 
very sensitive to the genomic effects of environmental mutagens because as soon as male 
germ cells form mature sperm they progressively lose the ability to repair DNA damage 
(Marchetti and Wyrobek, 2008; Olsen et al., 2005). Consequentially, it is believed that DNA 
damage in sperm can be repaired only post-fertilization by the maternal base excision repair 
(BER) machinery. However extensive DNA damage in sperm can exceed the maternal repair 
capacities and have a direct impact on subsequent development (Marchetti et al., 2007; 
Schulte et al., 2010). To this point, how oxidative stress in sperm affects early development is 
not fully understood. 
DNA methylation is a crucial element in the epigenetic regulation of mammalian embryonic 
development (Messerschmidt et al., 2014). After fertilization, the two specialized and highly 
differentiated cells, the oocyte and the sperm, fuse to form the zygote. In order to reset the 
gamete's epigenome into a totipotent state, both parental and maternal genomes undergo 
epigenetic reprogramming. In early embryos, DNA methylation is reprogrammed genome-
wide. Shortly after zygote formation, the mature sperm genome is globally demethylated, with 




which are protected from demethylation to ensure embryonic viability (Mayer et al., 2000; 
Oswald et al., 2000; Seisenberger et al., 2012).  
It has been proposed that loss of DNA methylation at paternal genome is mediated by active 
DNA demethylation mechanisms as it is completed before the onset of DNA replication 
(Mayer et al., 2000; Oswald et al., 2000). Conversely, the maternal genome undergoes repli-
cation-dependent DNA demethylation (passive demethylation), further adding to a parental 
epigenetic asymmetry in the zygote. Similar DNA demethylation pattern was detected in sev-
eral other mammals (i.e. human, mouse, rat and cattle) whereas in other species, such as 
pigs and goats, DNA demethylation is still controversial (Deshmukh et al., 2011; Fulka et al., 
2006; Hou et al., 2005; Park et al., 2010; Reis e Silva et al., 2012). The mechanism of active 
DNA demethylation utilized in zygotes is poorly understood.  
Active DNA demethylation has been proposed to be a multistep process that is initiated by 
modifications of the methylated cytosine or methyl group, followed by replication based dilu-
tion or removal of the modified base via a DNA repair mechanism. In the mouse zygotes, 
pharmacological inactivation of components of the BER pathway resulted in zygotes with sig-
nificantly higher levels of paternal DNA methylation, suggesting that BER might play an im-
portant role in active DNA demethylation (Hajkova et al., 2010; Wossidlo et al., 2010). A 
pathway recently suggested for active DNA demethylation in the early mouse embryo in-
volves the conversion of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) mediat-
ed by TET3, a member of the Ten-eleven translocation (Tet) family of DNA dioxygenases that 
is expressed at high levels in oocytes and zygotes (Iqbal et al., 2011). In the mouse zygotes 
the paternal pronucleus (pPN) contains substantial amounts of 5hmC but lacks 5mC; further-
more the depletion of Tet3 affects both 5hmC and 5mC patterns (Gu, 2011; Iqbal et al., 2011; 
Wossidlo, 2011).  
In this study, we set out to analyse how oxidative stress affects early embryo development 
using the bovine system due to its similarity to early human embryo development (Santos et 
al., 2014; Simmet et al., 2018). Fertilization using sperm exposed to oxidative stress caused a 
developmental arrest at the time of embryonic genome activation. Remarkably, the levels of 
DNA damage response did not directly correlate with the degree of developmental defects as 




early cellular response to the induction of DNA double- and single-strand breaks (Thiriet and 
Hayes, 2005). On the contrary, the DNA demethylation of paternal genome harbouring oxida-
tive lesions was impaired. The recruitment of XRCC1, a factor involved in the final step of 
BER pathway, to the paternal genome containing oxidative DNA lesions indicates that the 
zygotic BER pathway recognizes and repairs DNA lesions at the expense of DNA demethyla-
tion. Remarkably, this impairment of active DNA demethylation did not affect 5hmC levels in 
zygotes, indicating that other 5hmC independent processes are implicated in active DNA de-
methylation in bovine embryos. Together, our study demonstrates that next to the impact on 
DNA integrity, oxidative stress in sperm has a direct effect on the dynamics of epigenetic re-
programming. This in turn may harm the paternal genetic and epigenetic contribution to the 
developing embryo and affect embryo development and embryo quality. Last, but not least 
our results reveal species-specific epigenetic differences between bovine and mouse embry-
os and gametes that will facilitate the understanding of the dynamics of DNA methylation in 
early development.  
 
Results 
Oxidative stress in sperm affects early embryonic development  
To determine whether and how oxidative stress in sperm affects early embryonic develop-
ment, we aimed to use conditions that induce DNA damage in sperm without harming its ferti-
lization capacity. We treated cryopreserved sperm of a fertile bull from an approved artificial 
insemination (AI)-station with 100 µm H2O2 for one hour and analysed the effects of this 
treatment on sperm motility, morphology and DNA integrity. Higher concentrations of H2O2 
induced cell death (data not shown). We performed sperm chromatin structure assay (SCSA), 
which yields information on strand breaks but also reveals the presence of DNA adducts or 
abasic sites. As expected, the DNA fragmentation index (DFI) in sperm significantly increased 
upon H2O2 treatment (Control: 3% DFI; H2O2: 7% DFI) (Fig. 1A). Next, we measured the ef-
fects of oxidative stress on progressive motility and morphology by performing computer as-
sisted sperm analysis (CASA) that is routinely used in sperm quality control. Progressive mo-
tility of the sperm was reduced in the group treated with H2O2 (Control: 79.5% motile sperm; 




fected upon H2O2 treatment (normal morphology: control, 99.5%; H2O2, 87.1%) (Fig. 1C). Fi-
nally, to determine whether these oxidative stress conditions affect the penetration of sperm 
into the oocyte, we measured the fertilization rate by performing in vitro fertilization (IVF) us-
ing slaughterhouse oocytes and H2O2-treated and untreated bovine sperm. After H2O2 treat-
ment, sperm were extensively washed to ensure that the oxidative stress was only limited to 
sperm itself without affecting oocyte integrity. Fertilization rate was measured by staining the 
pronuclei of the presumptive zygotes with DAPI and quantifying the number of obtained zy-
gotes relative to the total number of oocytes used for each IVF cycle (Fig. 2A). Using these 
conditions, we did not observe remarkable changes in the fertilization rate (Control: 75.0 ± 1.5 
%; +H2O2: 69.0 ± 1.9%) (Fig. 2A). These results indicate that the conditions used for oxida-
tive stress induces DNA damage without impacting the fertilisation capacity of the sperm. 
To determine whether and how oxidative stress in sperm affects the early steps of embryo 
development, we performed IVF and measured cleavage rate and blastocyst formation of 
embryos derived from sperm of control and H2O2-treated groups. A first critical checkpoint in 
early embryonic development is the capability of the growing embryos to undergo the first cell 
divisions. We quantified the first cell division of embryos 24 hours after IVF by calculating the 
number of cleaved embryos (2-cell stage and further) vs. the total number of oocytes used in 
each IVF experiment (Fig. 2B). In control samples, we obtained a cleavage rate of 57.0 ± 
2.4% whereas the cleavage rate after IVF with sperm treated with H2O2 was 42.3 ± 3.2%, in-
dicating that oxidative stress in sperm induces some defects in this early stage of develop-
ment.   
Next, we analysed the impact of oxidative stress in sperm on further developmental progres-
sion. Blastocyst formation was measured by calculating the number of blastocysts obtained 8 
days after IVF vs. the number of cleaved embryos obtained 24 hours after IVF (2-cell stage 
and further) (Fig. 2C). Blastocyst formation in the control group was 40.3 ± 4.4%. Remarka-
bly, the number of blastocysts originated from fertilization with sperm treated with H2O2 was 
drastically reduced (9.0 ± 2.7%). These results indicate that H2O2 treatment of sperm induces 
major defects after the first cleavage. Embryonic genome activation (EGA) in bovine embryos 
starts at 4-cell stage and this is considered another important checkpoint of early embryonic 




treated sperm were arrested at this time point. We monitored the number of embryos of con-
trol and H2O2 groups 36 hours after fertilization and found that 49.3 ± 0.7% of embryos de-
rived from fertilization with sperm treated with H2O2 were still at 2- or 4-cell stages while the 
majority of embryos of the control group reached further developmental stages (Fig. 2D). 
Taken together, these results indicate that oxidative stress in sperm affects early embryonic 
development and that the major defects occur in later phase of development, closed to em-
bryonic genome activation.  
 
The BER machinery is recruited to the paternal genome of zygotes generated from 
sperm harbouring oxidative DNA lesions 
To determine the extent of DNA damage at the paternal pronucleus of zygotes generated with 
sperm harbouring oxidative DNA lesions, we measured γH2AX, an early cellular response to 
the induction of DNA double- and single-strand breaks (Thiriet and Hayes, 2005). Surprising-
ly, γH2AX was abundantly present at both maternal and paternal pronuclei of the control zy-
gotes, which however progress normally through early development (Fig. 3A). As it will be 
discussed later, the presence of γH2AX at both pronuclei of bovine zygotes differs from the 
exclusive localization of γH2AX at the pre-replicative paternal pronuclear stage described in 
mouse zygotes (Wossidlo et al., 2010; Ziegler-Birling et al., 2009a). The abundance of γH2AX 
signal under unperturbed conditions did not allow detecting a significant increase at paternal 
genome that underwent oxidative damage prior fertilization. These results indicated that the 
levels of γH2AX did not directly correlate with the arrest in early embryo development ob-
served in embryo obtained with sperm containing oxidative DNA lesions.  
Since all major DNA repair pathways are less functional in late spermatids and sperm 
(Marchetti and Wyrobek, 2008), we asked whether the BER machinery in zygotes has the 
potential to repair the paternal genome harbouring oxidative DNA lesions. We measured the 
localization of XRCC1 (X-ray repair cross-complementing protein 1), a factor involved in the 
final step of BER pathway that serves as scaffold for DNA ligases in the ligation of the DNA 
strand nick (Marsin et al., 2003; Vidal et al., 2001) (Fig. 3B). In control zygotes, XRCC1 was 
equally distributed between paternal and maternal pronuclei. In contrast, in zygotes obtained 




paternal pronucleus. These results indicated that oxidative lesions induced in the sperm prior 
to fertilization can be repaired in zygotes and that the BER pathway is implicated in this DNA 
damage response. Together these data suggest that DNA damage response cannot be the 
only reason for embryo developmental arrest since zygotes that progress normally in devel-
opment already contain high level of DNA damage and have the potential to repair sperm 
DNA lesions through BER pathway.   
 
Oxidative stress in sperm impairs active DNA demethylation in the paternal pronucleus 
The results described above implicated the BER pathway in the repair of oxidative DNA le-
sions of the paternal genome in zygotes. However, the BER pathway has also been implicat-
ed in the active DNA demethylation of the paternal genome in the mouse zygotes (Hajkova, 
2010; Wossidlo, 2010). Pharmacological inactivation of the BER core components - APE1 
(apurinic/apyrimidinic endonuclease) and PARP1 (poly(ADP-ribose) polymerase family, 
member 1) - resulted in zygotes with significantly higher levels of DNA methylation in the pa-
ternal pronucleus (Hajkova et al., 2010). Moreover, XRCC1 was shown to have a pronounced 
chromatin association in the paternal pronucleus of mouse zygotes (Hajkova et al., 2010). 
The implication of BER in both DNA repair and active DNA demethylation activities at the pa-
ternal genome prompted us to ask whether the paternal genome containing DNA lesions 
could be efficiently DNA demethylated. 
To test whether oxidative stress in sperm affects DNA demethylation, we measured 5mC in 
bovine zygotes by immunofluorescence (IF) using anti-5mC specific antibodies. 24 hours af-
ter IVF most of the pronuclei in the zygotes reached late pronuclear stage 3 or 4 (PN3/4). The 
size of the two pronuclei was informative of the parental origin: the paternal pronucleus (pPN) 
displays a more enlarged structure, which reflects the level of chromatin decondensation, 
compared to the maternal pronucleus (mPN). As shown in Figure 4A, 24 h post IVF the pPN 
in control zygotes shows a dramatically reduced 5mC signal compared to the mPN, which still 
retained DNA methylation. These results are consistent with previous reports showing that 
also the paternal genome in bovine embryos undergoes DNA demethylation (de Montera et 
al., 2013; Lepikhov et al., 2008; Wossidlo, 2011). Remarkably, zygotes fertilized with sperm 




demethylation process in the pPN is compromised (Fig. 4A). The pPN volume of H2O2-
treated group was similar to the control, suggesting that impairment of DNA demethylation 
was not due to defects in chromatin decondensation (Supplementary Fig. 1). In mice, DNA 
demethylation of the paternal genome is accompanied by the establishment of cytosine hy-
droxymethylation (5hmC), a reaction that has been implicated in the loss of DNA methylation 
(Kriaucionis and Heintz, 2009; Tahiliani, 2009). To test whether the impairment of DNA de-
methylation correlated with changes in 5hmC levels in the paternal pronuclei, we analysed 
5hmC content by IF using specific 5hmC antibodies. Interestingly, IF analyses revealed that 
both paternal and maternal pronuclei at PN3/4 contain equal amounts of 5hmC (average 
mean intensity of 5hmC pPN vs mPN equal to 1.01, Fig. 4B). This pattern observed in bovine 
zygotes is similar to the 5hmC localization observed in human zygotes but differs from what 
has been described in mouse zygotes where 5hmC is present only in the pPN (Guo et al., 
2014b; Wossidlo et al., 2010). These results indicated that 5hmC in bovine zygotes as well as 
in human is not only restricted to the paternal genome. Remarkably, 5hmC levels were not 
considerably affected in zygotes obtained with sperm containing oxidative DNA lesions, indi-
cating that oxidative stress in sperm impairs DNA demethylation without altering global 5hmC 
levels (Fig. 4B). Recent results have revealed that in mouse zygotes the loss of paternal 5mC 
and accumulation of 5hmC are temporally disconnected, with a first wave of DNA demethyla-
tion that is independent of 5hmC followed by zygotic de novo DNA methylation activities that 
trigger TET3-driven methylcytosine hydroxylation (Amouroux et al., 2016). Thus, our results 
showing that oxidative stress in sperm impairs active DNA demethylation without altering 
5hmC suggest that these paternal oxidative DNA lesions impair the first, 5hmC independent 
wave of active DNA demethylation. It is also important to note that 5mC and 5hmC signals 
cannot be directly compared since 5hmC antibody shows about 10,000 fold greater sensitivity 
than the 5mC antibody (Amouroux et al., 2016). To provide quantitative measurements and to 
further support our results obtained by IF analyses, we quantified DNA methylation content of 
isolated 2-cell stage embryos using liquid-chromatography tandem mass spectrometry (LC-
MS/MS), a highly quantitative method to measure DNA methylation (Fig. 4C). Consistent with 
the IF analysis in zygotes, 2-cell stage embryos obtained using H2O2 treated sperm retained 




control and H2O2-treated sperm, indicating that oxidative stress has no impact on DNA meth-
ylation prior to fertilization (Fig. 4B). These measurements also showed that the majority of 
cytosine hydroxylation occurs after fertilisation as 5hmC levels were higher in 2-cell embryos 
than in sperm and oocyte. Interestingly, 5hmC was lower in 2-cell stage embryos generated 
with H2O2-treated sperm compared to control embryos (0.21% vs. 0.07%) (Fig. 4C). Consid-
ering that our IF measurements did not detect any changes in 5hmC levels in zygotes, these 
results suggest that oxidative stress in sperm might also have an effect on methylcytosine 
hydroxylation activities during/after the first zygotic replication. Accordingly, recent genome-
scale DNA methylation maps for both the paternal and maternal genomes suggested that 
TET3 might facilitate DNA demethylation largely by coupling with DNA replication (Shen et 
al., 2014). Together these results indicated that oxidative DNA lesions in sperm impair active 
DNA demethylation of the paternal genome in zygotes, leading to alterations in the epigenetic 
reprogramming during early development. Moreover, the data highlighted substantial differ-
ences in the dynamic of cytosine hydroxymethylation between species, showing higher simi-
larity between bovine and human embryos respect to mouse embryos. 
 
Unmodified cytosines are incorporated in pre-replicative bovine zygotes 
The results described above showed that the pattern of γH2AX and 5hmC differs between 
bovine and mouse zygotes. Both modifications have been linked to active DNA demethylation 
in zygote and found to be exclusively located at paternal pronuclei in mouse zygotes whereas 
in bovine zygotes are present at both pronuclei (Fig. 3A, 4B). The presence of γH2AX at 
mouse paternal genome supports a repair-coupled pathway of active DNA demethylation 
since the replacement of 5mC or its derivatives with unmodified cytosine should create DNA 
strand breaks and as such it should induce DNA damage response including γH2AX. The de-
tection of 5hmC and γH2AX at both pronuclei of bovine zygotes raised the question whether 
also the maternal genome can undergo some minor waves of active DNA demethylation. To 
do so, we analysed the incorporation of unmodified cytosines in the paternal and maternal 
pronuclei of prereplicative zygotes by performing IVF in the presence of nucleotide analogues 
(EdU or EdC) and monitored their incorporation by click-chemistry 12 hour after IVF (Fig. 5A). 




EdC will correspond to either DNA replication or to the replacement of an unmodified cyto-
sine. Our pilot experiments indicated that 12 hours after IVF the majority of zygotes is in a 
pre-replicative state. Accordingly, only few zygotes (3 out of 14) incorporated EdU, indicating 
that only a small number of zygotes have already entered S phase. In contrast, 10 out of 21 
analysed zygotes incorporated EdC, suggesting that unmodified cytosines are incorporated at 
both pronuclei in the absence of replication. To further support these results, IVF was per-
formed in the presence of BrdU and EdC and 12 hours after IVF their incorporation was 
measured by double staining using anti-BrdU and click-chemistry for EdC (Fig. 5B). As con-
trol, we analysed zygotes that had already accomplished the first cell cycle (24 hours after 
IVF) and were therefore positive for both BrdU and EdC. None of the zygotes analysed 12 
hours after IVF incorporated BrdU, indicating a pre-replicative state at this time point. Re-
markably, 22 out of the 27 analysed zygotes showed EdC signals at both paternal and mater-
nal pronuclei. These two different experimental approaches unequivocally demonstrated that 
cytosines are incorporated into the DNA of pre-replicative zygotes and further support a 
mechanism by which active DNA demethylation might occur via excision of 5mC or its oxida-
tive forms followed by replacement with unmodified cytosines. Furthermore, the incorporation 
of unmodified cytosines at both paternal and maternal pronuclei in pre-replicative bovine 
eygotes is consistent with the presence of 5hmC and γH2AX at both pronuclei and suggests 
the occurrence of some zygotic DNA demethylation activities also at maternal genome. Lo-
cus-specific active DNA demethylation of the maternal genome was already described in 
mouse zygotes (Guo et al., 2014a; Wang et al., 2014). Our results thus raise the possibility 
that also in bovine embryos active DNA demethylation might not be exclusively restricted to 
the paternal genome.  
 
Discussion 
DNA damage in the male germ line is mainly caused by the presence of unbalanced reactive 
oxygen species, which might contribute to infertility, miscarriage and birth defects in the off-
spring (Aitken and De Iuliis, 2010). In this study, we evaluated how oxidative stress in sperm 
affects early embryo development using conditions that induced DNA damage without affect-




zygotes generated with sperm exposed to oxidative stress indicates that the BER pathway 
might be implicated in this zygotic DNA damage response. It has been suggested that early-
stage embryos have a different DNA damage response compared to somatic cells, which 
normally activate cell cycle checkpoints (Adiga et al., 2007; Gawecka et al., 2013; Tubbs and 
Nussenzweig, 2017). Accordingly, the major defects of embryos obtained with H2O2-treated 
sperm were identified in later time points of development - at 2-4 cell stages - with a 78% re-
duction in the formation of blastocysts from embryos that progress beyond the 2-cell stage. 
Similar observations have been described in previous studies in cattle and primates showing 
that DNA fragmentation has an impact in later phase of development (Burruel et al., 2013; de 
Castro et al., 2016; Fatehi et al., 2006; Tesarik et al., 2004).  
Why does oxidative stress in sperm induce an arrest in early embryo development only after 
the first cell division, at the 2-4 cell stage? We can envision several possible scenarios. In the 
first case, the oxidative DNA lesions present in the paternal genome cannot be properly re-
paired in the zygotes and consequently embryonic DNA damage response can promote, for 
yet unknown reasons, cell cycle arrest only after the first cell division. However, the fact that 
the BER machinery was recruited to damaged pPN indicates that zygotes can repair, at least 
in part, these lesions. Moreover, the presence of high γH2AX signal at both paternal and ma-
ternal genome of control zygotes suggests that DNA lesions alone cannot be responsible for 
embryo developmental arrest. Although we cannot exclude that sperm exposed to an oxida-
tive environment may carry toxic metabolites that would then impair embryo development, it is 
notable that embryonic arrest occurs at the onset of bovine embryonic genome activation. 
Thus, a possible further explanation is that the impairment of active DNA demethylation at 
paternal genome might affect the expression of genes critical to development due to failure in 
zygotic epigenetic reprogramming.  
The finding that active DNA demethylation is impaired in zygotes obtained with sperm ex-
posed to oxidative damage provides a strong indication that this process is likely linked to 
DNA repair pathways. Moreover, we provide direct evidence that cytosines are incorporated 
into pre-replicative zygotes, further supporting a mechanism by which DNA demethylation 
might occur via excision of 5mC or its oxidative forms and replacement with unmodified cyto-




oxidative DNA lesions suggests a competition model between repair and DNA demethylation 
activities, where oxidative lesions at paternal DNA are repaired at the expense of DNA de-
methylation (Fig. 6). A switch in BER activity that favours the repair of oxidative lesions (e.g. 
8-oxoguanine, 8-oxoG) over the replacement of 5mC or 5mC oxidized products can be ex-
plained by the different activities between DNA glycosylases, which recognize specific base 
modifications and generate an abasic site product (Kim and Wilson, 2012). In humans, there 
are six glycosylases that repair mainly oxidized DNA lesions. Interestingly, 8-oxo-guanine 
glycosylase 1 (OGG1) has been identified in the chromatin of human spermatozoa (Lord and 
Aitken, 2015; Smith et al., 2013). OGG1 can cleave 8-oxoG adducts from sperm nuclear DNA 
to create the corresponding abasic sites that, however, cannot be repaired in sperm due to 
the lack of AP endonucleases and XRCC1. Thus, the presence of already established abasic 
sites at pPN might explain the sequestration of BER components such as XRCC1 at the ex-
pense of DNA demethylation activities, where recognition and excision of 5mC or its deriva-
tive is initiated only post-fertilization. Another possibility is that DNA lesions inhibit the activity 
of the DNA glycosylase(s) responsible for the DNA demethylation (Fig. 6). Thymine DNA gly-
cosylase (TDG) was implicated in DNA demethylation due to its ability to recognize and re-
move the oxidized forms of 5mC, 5fC and 5caC (He et al., 2011; Kohli and Zhang, 2013; Maiti 
and Drohat, 2011). In vitro biochemical analyses indicated that the removal of symmetrically 
methylated CpGs by TDG/TET1 complex occurs in a sequential manner and that the pres-
ence of the DNA lesions on one strand delays the nucleotide removal of the opposite strand 
(Weber et al., 2016). Although this can represent a possible scenario occurring at the paternal 
genome harbouring DNA lesions in the zygote, the factors implicated in DNA demethylation in 
the zygotes remain still elusive. Indeed, TET1 is present only in later stages of early embryon-
ic development and Tdg deletion from the zygote has not effect on DNA demethylation (Guo 
et al., 2014a; He et al., 2011; Kohli and Zhang, 2013). Thus, the identification of glycosylases 
implicated in the excision of 5mC or its modified derivatives will be important in order to un-
derstand not only the dynamics of DNA demethylation but also the impact of DNA damage on 
the early embryo epigenetic reprogramming. Finally, our results excluded the possibility that 
DNA damage might affect protamine-histone exchange and chromatin decondensation of the 




(Lin et al., 2013; Polanski et al., 2008), as we did not observe any apparent defects in decon-
densation of paternal pronuclei as well as the incorporation of the early embryo epigenetic 
mark H3K27me3 (Santenard et al., 2010) (Supplementary Fig. 1 and data not shown).  
Importantly, our study also revealed several differences between bovine and mouse embryos. 
Although DNA demethylation of the paternal genome was conserved, factors previously 
linked to active DNA demethylation in the mouse zygotes, namely γH2AX and 5hmC, dis-
played a distinct localization (Iqbal et al., 2011; Wossidlo, 2010, 2011). In the mouse zygotes, 
γH2AX and 5hmC were shown to be present only in the pPN whereas in bovine they were 
equally present at both paternal and maternal pronuclei. Interestingly, a recent study showed 
that 5hmC in human embryos is also localized at both paternal and maternal pronuclei (Guo 
et al., 2014b). Thus, the similar 5hmC pattern between bovine and human embryos makes 
the bovine model an interesting system to better understand epigenetic remodelling in human 
embryo, which for ethical issues cannot be easily studied. Remarkably, the impairment of ac-
tive DNA demethylation in bovine zygotes obtained with sperm exposed to oxidative stress 
was not accompanied by alterations in 5hmC content. These results indicated that the active 
DNA demethylation in bovine embryos might not completely depend on the 5hmC pathway. 
Remarkably, recent studies using mouse models showed that in the zygotes the loss of pa-
ternal 5mC and accumulation of 5hmC are temporally disconnected and proposed that TET3 
might play a major role in preventing aberrant de novo methylation from the abundant 
DNMT3A inherited from the oocyte (Amouroux et al., 2016). Along the same lines, it was re-
cently shown that in the gonadal mouse primordial germ cells 5hmC was not a prerequisite 
for the 5mC loss and that TET1 played a role in maintaining but not driving DNA demethyla-
tion (Hill et al., 2018). Thus, the detection of 5hmC in the bovine paternal pronuclei with im-
paired DNA demethylation suggests that H2O2-mediated DNA lesions in sperm affect the first 
wave of active DNA demethylation that is 5hmC independent. We want also to highlight here 
that the setting of our experiment in the context of DNA demethylation analysis in the zygote 
is unique of its kind. Indeed, all the studies so far have used strategies to impair 5hmC (i.e. 
Tet3 deletion) whereas the impairment of DNA demethylation was never used since it is not 
know how this process occurs. Therefore, our study represents the first analysis of 5hmC un-




The equal presence of 5hmC in the maternal pronuclei, which do not undergo a global active 
demethylation, suggests that some events of pre-replicative TET3-mediated DNA demethyla-
tion can also occur in the maternal genome. This result is also consistent with the pre-
replicative replacement of unmodified cytosines in the maternal pronuclei detected in this 
work and with previous studies showing locus-specific active DNA demethylation in the ma-
ternal genome (Guo et al., 2014a; Wang et al., 2014). Alternatively, the conversion of 5mC to 
5hmC is not implicit to active DNA demethylation but more linked to passive demethylation as 
previously proposed (Shen et al., 2014).  
Quantification of total 5mC and 5hmC content in bovine gametes revealed another peculiar 
epigenetic species-specific feature. 5mC and meCpG levels in mouse and human gametes 
were reported to be higher in the sperm than in the oocytes (Amouroux et al., 2016; Guo et 
al., 2014a; Zhu et al., 2018). In contrast, our measurements in bovine gametes revealed that 
the oocytes contain higher global 5mC compared to sperm. Thus, the different 5mC content 
between bovine female and male gametes underlies a novel species-specific epigenetic fea-
ture. 
In a clinical context, this study has relevance in assisted reproductive techniques (ARTs) that 
are commonly used in human medicine and livestock breeding. Nowadays children conceived 
using ART account for 2% of all births, which has brought the society a growing interest in 
their long-term health (Canovas et al., 2017b). Moreover, in vitro production of bovine embry-
os is used worldwide for commercial purposes. Meta-analysis in human and veterinary medi-
cine has correlated increased ROS levels in sperm to a reduction of success when using 
ARTs (Agarwal et al., 2005). The fact that oxidative stress in sperm induces not only DNA 
lesions but also epigenetic alterations strongly indicates the importance to identify sub-fertile 
patients that potentially harbour high levels of oxidative DNA damage within their spermato-
zoa. Indeed, the use of ARTs with these patients will undoubtedly increase the likelihood that 
a spermatozoon harbouring genetic/epigenetic lesions will achieve fertilization by bypassing a 
number of natural selection strategies that would normally be operating in vivo (Lord and 
Aitken, 2015). In vitro production of bovine embryos with frozen/thawed semen is a standard 
method. Exposure of sperm to high levels of ROS in the sperm freezing/thawing process was 




2005; Bansal and Bilaspuri, 2010; Gurler et al., 2016). Accordingly, the supplementation of a 
cryopreservation extender with antioxidant has been shown to provide a cryoprotective effect 
on mammalian sperm quality (Bansal and Bilaspuri, 2010; Korkmaz et al., 2017). Our work 
has shown that oxidative stress compromises not only the integrity of sperm DNA but also its 
post-fertilization epigenetic reprogramming with consequent defects in early embryo devel-
opment. Considering the increase use of ART in human medicine and livestock breeding in 
the upcoming years, optimization of the ART procedures and understanding of their effect on 
epigenetic reprogramming in the early embryo is a necessary step to determine health risks 
that may be associated with these reproductive technologies.  
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Material and Methods 
Sperm chromatin structure assay 
Cryopreserved semen from a bull with proven fertility from an approved artificial insemination 
(AI)-station was used for subsequent experiments (Besamungsverein Neustadt an der Aisch, 
Germany). Two 0.25 ml straws containing 15 million sperm cells/ml in an egg yolk extender 
were thawed in a waterbath at 37°C for 30 seconds. Separation of the sperm was performed 
with a gradient centrifugation (600 x g for 15 minutes) with 90% Percoll (Sigma). The sperm 
pellet was collected, separated into two groups (untreated and H2O2) and transferred in H-
Talp (1 M NaCl, 32 mM KCl, 4 mM NaH2PO4  H2O, 1U Penicillin G Na salt, 250 mM Na-
HCO3, 250 mM Hepes, 170 mM CaCl2, 49 mM MgCl2  6H2O, 330 mM Na Lactate, 33 mM Na 
pyruvate, 1% (v/v) NEAAs, 2% (v/v) EAAs). Sperm in the H2O2 group were treated with 100 




Talp without H2O2. Samples were centrifuged (600 x g for 3 minutes) and washed several 
time with H-Talp to eliminate H2O2 traces.  
Sperm chromatin structure assay (SCSA) was performed by diluting sperm samples to a con-
centration of 2 x 106 sperm/mL with TNE buffer (0.01 M Tris-HCl, pH 7.4, 0.15 M NaCl, 1 mM 
EDTA). 200 µl of the sperm suspension were mixed with 400 µl of an acid-detergent solution 
(pH 1.2, 0.08 N HCl, 0.15 M NaCl, 0.1 % Triton X-100) and vortexed for 30 sec. 1.2 ml of ac-
ridine orange solution (6 mg/mL) in a phosphate-citrate buffer (0.2 M Na2HPO4, 0.1 M citric 
acid, 0.15 M NaCl, 1 mM EDTA, pH 6.0) were added to the sample and incubated for 3 min. 
Sperm chromatin structure was measured using an Epics XL-MCL flow cytometer (Beckman 
Coulter, Fullerton, CA, USA). Cells were exposed to a laser beam generated by a 488 nm 
argon laser (Laser Components, Olching, Germany). Fluorescence detectors 1 and 3 (FL1 
and FL3) were used for detection of green (515-530 nm) and red fluorescence (> 630 nm), 
respectively. Flow cytometric data were acquired using EXPO 32 ADC XL4 Colour software 
(Beckman Coulter, Fullerton, CA, USA). Ten thousand events were counted per sample with 
a flow rate of 200-400 events per sec. Debris, which are non-sperm events, were gated out 
based on the forward scatter and sideward scatter dot plot by drawing a region enclosing the 
cell population of interest. The number of sperm showing a high degree of DNA fragmentation 
were determined by SCSATM (Evenson and Jost, 2001). Cell gating and quantification of the 
percentage of sperm cells with high DNA fragmentation index (%DFI) was performed as pre-
viously described (Evenson and Jost, 2001) and analysed using FCS express 4 FLOW re-
search edition (De Novo Software, Glendale, USA).  
 
Computer assisted sperm analysis (CASA) 
To assess sperm motility and morphological analysis, we used the Hamilton Thorne IVOS II 
CASA driven by the software version 14 (Hamilton-Thorne Research, Beverly, MA, USA) ac-
cording to the manufacturer’s guidelines. The sperm were Percoll centrifuged and H2O2 treat-
ed the same way as for the SCSA. Six µl of semen was placed in a chamber of a Leja 20-mm 
2-chamber slide (Leja Products BV, Nieuw Vennep, Netherlands). The percentage of pro-
gressively motile sperm at 37 °C was assessed in a minimum of 1000 cells in no less than 




In vitro production of bovine embryos 
Bovine ovaries were retrieved from the nearby slaughterhouse and transported in 0.9% NaCl 
(Braun) at 38°C within 2 hours. Cumulus-oocyte-complexes (COCs) were isolated using the 
slicing method from Eckert and Niemann (Eckert and Niemann, 1995). Under a stereomicro-
scope with a warming plate at 38°C, COCs with several layers of compact cumulus cells and 
a homogeneous cytoplasma were selected and transferred to holding medium (Hepes-
buffered TCM-199 supplemented with 10 % (v/v) fetal bovine serum).  
In vitro maturation (IVM) was performed by grouping 10 COCs in 50 µl microdroplets covered 
with oil in BO-IVM medium (IVF Bioscience) for 18 to 22 hours with 5% CO2 in air, saturated 
humidity and 38.2°C. 
Sperm were treated with H2O2 as described above. The sperm pellet was transferred into 100 
µl BO-IVF medium (IVF Bioscience) and centrifuged for 3 minutes at 600 x g.  Twenty COCs 
were transferred into a 100 µl droplet of BO-IVF medium under mineral oil. Sperm samples 
were added to the IVF droplets to obtain a final concentration of 2 x 106 sperm/ml and cul-
tures were performed with 5% CO2 in air and saturated humidity at 38.2°C. 
Presumptive zygotes were denuded from their cumulus cells 24 hours after IVF using a capil-
lary (Stripper, 135 µm, Origio) and transferred in groups of ten to 40 µl microdroplets of BO-
IVC (IVF Bioscience) under mineral oil (Sigma). 48 hours after IVF the cleavage rate was 
evaluated and the cleaved embryos were separated from the non-cleaved ones and further 
cultured with 5% CO2, 5% O2 at 38.2°C and saturated humidity. 
 
Fluorescence microscopy and image analysis 
Bovine zygotes were collected 20 hours post in vitro fertilization (pIVF) and incubated in 0.1% 
Hyuloronidase solution (w/v) (Sigma) followed by the denudation with a capillary (Stripper, 
135 µm, Origio). The zona pellucida was removed by incubating zygotes with Pronase (Sig-
ma, 5mg/ml in H2O) for 3 minutes at 37°C. Zygotes were washed three times with PBS buffer 
(Sigma), fixed with 4% Paraformaldehyde (PFA) for 1 hour at room temperature (RT) and 
washed three times with PBS buffer. Permeabilization was performed by incubating zygotes 
with 0.5% Triton-X 100 (Thermo Scientific) in PBS for 15 minutes at RT followed by three 




5mC and 5hmC immunostaining. After fixation, zygotes were incubated with 4 M HCl for 10 
minutes at RT, followed by a neutralization step with 100 mM Tris-HCl (pH 8) for 10 minutes. 
After three times washing with PBS buffer, embryos were incubated with a blocking buffer 
(3% BSA, in PBS, Sigma) for 1 hour at 4°C followed by incubation with antibodies 5mC (Dia-
genode/C15200081-100, diluted to 1:5000) or 5hmC (Active Motif/39769, diluted to 1:500) in 
PBS buffer containing 1.5% BSA and 0.25% Triton-X 100) overnight at 4°C. Samples were 
washed three times with PBS and incubated with secondary antibodies FITC or Cy3 diluted 
1:100 with PBS, 1.5% BSA and 0.25% Triton-X 100 for 2 hours at RT. After washing three 
times with PBS buffer samples were mounted on glass slides in mounting medium (Vec-
tashield containing DAPI, Vector Laboratories) and analysed using an inverted Leica 
CTR6000 microscope (software: Leica Microsystems LAS-AF6000; Leica Microsystems, 
Bensheim, Germany). 
γH2AX immunostaining. After fixation, embryos were incubated with a blocking buffer (PBS 
containing 1.5% BSA and 0.25% Triton-X-100) for 1 hour at 4°C. Samples were transferred to 
a 500 µl droplet containing gH2AX antibodies (Biolegend/613402) diluted 1:1000 in 1.5% BSA 
in PBS buffer for 2 hours at RT. Embryos were washed with 0.5% Triton X-100 in PBS for 10 
minutes at RT and incubated with secondary antibodies (FITC mouse, 1:100) overnight at 
4°C. After washing with PBS, samples were mounted on glass slides in mounting medium 
(Vectashield containing DAPI, Vector Laboratories) and analysed using a Leica microscope. 
XRCC1 immunostaining. After fixation, embryos were incubated with a blocking buffer (PBS 
containing 3% BSA) for 1hour at 4°C. Samples were transferred to a 40 µl droplet of XRCC1 
(XRCC1 Thermo Fischer/MS-1393-P0; dilution 1:500) in 1.5% BSA in PBS and covered with 
oil. 5µl of 0.5% Triton-X-100 were added to the droplet and samples were incubated for 2 
hours at room temperature. After washing with PBS, samples were incubated with FITC-
conjugated secondary antibodies diluted 1:100 with PBS buffer containing 1.5% BSA and 
0.25% Triton X-100 for 2 hours at room temperature. After washing with PBS, samples were 
mounted on glass slides in mounting medium (Vectashield containing DAPI, Vector laborato-
ries) and analysed using a Leica microscope. 
Quantification of the immunofluorescence pictures. The images were analysed using Image J 




individually. The equal staining of the cytoplasmic area was subtracted (staining background). 
The microscope settings (exposure time and gain) within each individual experiment re-
mained the same, to ensure comparability. Statistical analysis was performed using Graph 
Pad Prism (Prism for Mac OS X, Version 5.0a; two-tailed Student’s t-test).  
 
Mass spectrometry 
Genomic DNA (gDNA) of 50 to 150 2-cell embryos or MII oocytes cleaned from cumulus cells 
was extracted using ZR-Duet DNA/RNA Miniprep kit (Zymo Research) following manufacturer 
instructions and eluted in LC/MS grade water. MII oocytes were obtained by placing the pro-
cessed oocytes into maturation for 22 hours (in accordance with the maturation for the IVF 
procedure). gDNA extraction of sperm was performed according to a modified protocol from 
(Walsh and Bestor, 1999). The sperm were treated with H2O2 as described above (SCSA), 
subsequently washed in 750 µl H-Talp and centrifuged for 3 minutes at 600 x g. After centrif-
ugation, pellet was transferred into a 200 µl of lysis buffer (10 mM Tris-HCl pH 8, 10 mM 
EDTA, 2% SDS and 80 mM DTT) and inverted gently. 100 µg/ml RNase A (Thermo Fisher) 
was added and incubated overnight at 37°C. Upon Proteinase K digestion (200 µg/ml at 55°C 
overnight), gDNA was purified by a phenol/chloroform/isoamyl alcohol extraction, followed by 
ethanol precipitation. The obtained gDNA was resuspended in 50 µl H2O. DNA was digested 
to nucleosides for a minimum of 9 hours at 37oC using a digestion enzymatic mix (kind gift 
from NEB). All samples and standard curve points were spiked with a similar amount of iso-
tope-labelled synthetic nucleosides: 50 fmol of dC* and dG* purchased from Silantes, 2.5 
fmol of 5mdC* and 250 amol of 5hmdC* obtained from T. Carell (Center for Integrated Protein 
Science at the Department of Chemistry, Ludwig-Maximilians-Universität München, München, 
Germany). Standard curves were set up for dC and dG (Berry & ass.) from 5 pmol to 0.1 fmol, 
and for 5mdC (Carbosynth) and 5hmdC (Berry & ass.) from 250 fmol to 5 amol. The nucleo-
sides were separated on an Agilent RRHD Eclipse Plus C18 2.1 × 100 mm 1.8u column by 
using the HPLC 1290 system (Agilent) and analysed using an Agilent 6490 triple quadrupole 
mass spectrometer. To calculate the concentrations of individual nucleosides, standard 
curves representing the ratio of unlabelled over isotope-labelled nucleoside peak responses 




The threshold for peak detection was a signal-to-noise ratio (calculated with a peak-to-peak 
method) above 10, and the limit of quantification was 25 amol for 5mdC and 5hmdC. Final 
measurements were normalized by dividing by the dG level measured for the same sample. 
 
EdU/EdC labelling 
IVF medium was supplemented with either EdC (200 mM, Sigma-Aldrich/T511307) or EdU 
(200 mM, Invitrogen/C10337). 12 hours after fertilization, zygotes were denuded and the zona 
pellucida was removed. Fixation was performed with 4% PFA for 30 minutes at room temper-
ature (protected from light). Zygotes were washed with PBS and permeabilized with PBS 
buffer containing 0.5% Triton X-100 for 15 minutes at room temperature. Zygotes were 
washed twice with PBS, transferred into 40 µl droplets of Click-it reaction cocktail (Invitrogen), 
covered with oil and incubated for 30 minutes at room temperature protected from light. Zy-
gotes were washed with PBS and mounted on slides with Vectashield containing DAPI. 
 
BrdU/EdC labelling  
Embryos were fertilized in IVF medium supplemented with nucleotide analogues BrdU (100 
µM, Roche/10280879001) and EdC (200 µM, Sigma-Aldrich/ T511307). 12 hours after IVF, 
zygotes were denuded and the zona pellucida was removed. Control zygotes were stained 24 
hours pIVF. Zygotes were incubated with PBS and fixed with 4% PFA for 30 minutes at room 
temperature (protected from light). Zygotes were washed with PBS and permeabilisation was 
performed with 0.5% Triton-X100 in PBS for 15 minutes at room temperature. Zygotes were 
washed with PBS followed by denaturation with 3 M HCl for 10 minutes and a neutralization 
step with 100 mM Tris-HCl (pH 7.5) for 10 minutes. After washing, zygotes were transferred 
into 40 µl droplets of Click-it® reaction cocktail covered with oil and incubate for 50 minutes at 
room temperature protected from light. Samples were then washed and incubated with a so-
lution containing anti-BrdU antibody (Roche/11170376001; 6ng/µl in 1.5% BSA and PBS) for 
1 hour at RT. Zygotes were washed PBS, incubated with Cy3-conjugated secondary antibod-
ies for 1 hour at RT, washed again with PBS and mounted on slides with Vectashield contain-






Figure 1  
Oxidative stress reduces motility and increases DNA damage in sperm.  
A. Sperm chromatin structure measurements (%DFI) of sperm treated without (control) and 
with H2O2 (+H2O2) were performed using the sperm chromatin structure assay (SCSA). Mean 
and values of two independent experiments are shown.  
Progressive motility (B) and morphology (C) of sperm treated without and with H2O2 were an-
alysed by computer assisted sperm analysis (CASA). Mean and values of two independent 
experiments are shown.  
 
Figure 2 
The developmental capacity of embryos is drastically reduced upon oxidative stress in 
sperm.  
A. Fertilization rates of sperm treated without (control) or with H2O2 (+H2O2) were evaluated 
20 hours after IVF by staining the pronuclei with DAPI. Images were acquired with an inverted 
Leica CTR6000 microscope (software: Leica Microsystems LAS-AF6000; Leica Microsys-
tems, Bensheim, Germany). The fertilization capacity (%) was quantified by calculating the 
number of obtained zygotes vs. the total number of oocytes used in each IVF experiment. 
Each data point represents the mean of one of four independent experiments. Total amount 
of oocytes: 225 (control) and 209 (+H2O2). 
B. Cleavage rate (%) was quantified by calculating the number of cleaved embryos (2-cell 
stage and further) obtained 24 hours after IVF vs. the total number of oocytes used in each 
IVF experiment. Each data point represents the mean of one of the four independent experi-
ments. Total amount of oocytes: 100 (control), 123 (+H2O2). Arrows indicate the cleaved em-
bryo stages.  
C. Blastocyst rate (%) was quantified by calculating the number of blastocysts obtained 8 
days after IVF vs. the number of embryos that reached the cleavage stage 24 hours after IVF. 
Each data point represents the mean of one of the four independent experiments. Total 
amount of oocytes: 148 (control) and 165 (+H2O2). Arrows indicate the blastocyst stage em-




D. Arrested embryos were evaluated 36 hours after IVF. Quantifications were assessed by 
counting the number of embryos that were arrested at 2-4 cell stages 36 h after IVF vs. the 
number of embryos that already reached 2-4 cell stage 24 hours after IVF. Each data point 
represents the mean of one of three independent experiments. Total amount of oocytes: 127 
(control) and 141 (+H2O2).  
Statistical analyses were performed using Student’s t-test (two-tailed). Error bars indicate s.d. 
ns: non-significant and refers to P=0.091; * P < 0.05; ** P < 0.01; *** P < 0.0001. Maternal 




The BER machinery is sequestered to paternal pronuclei of zygotes derived from 
sperm exposed to oxidative stress 
A. γH2AX (green) levels were assessed by immunofluorescence of zygotes 20 hours after 
IVF using γH2AX antibodies. Representative images of PN3/4 zygotes are shown. Quantifica-
tion of γH2AX is represented as a ratio of the mean signal intensity between the two pronuclei 
signal (mean γH2AX intensities pPN/mPN). (n = 24 zygotes control and n = 17 H2O2 treated 
zygotes; experiment replicated three times independently.) Each data point represents the 
mean signal of the ratio (pPN/mPN) within an independent zygote.  
B. Representative immunofluorescence images of PN3/4 zygotes 20 hours after IVF stained 
with XRCC1 antibody (green) are shown. Quantifications of XRCC1 are shown as ratio of the 
mean signal intensity between the two pronuclei signal (pPN/mPN). Each data point repre-
sents the value of four independent experiments, using 120 zygotes for the control group and 
85 zygotes from +H2O2 groups.  
Statistical analysis was performed using Student’s t-test (two-tailed). Error bars indicate s.d.; 
**P < 0.01; ns: non-significant and refers to P=0.075. Maternal pronucleus: mPN/♀






Oxidative stress in sperm impairs active DNA demethylation on the paternal pronucle-
us.  
Levels of 5mC (green) (A) and 5hmC (red) (B) in PN3/4 zygotes were assessed by immuno-
fluorescence using 5mC- and 5hmC-specific antibodies. Representative images are shown 
and correspond to the 5mC (A) and 5hmC (B) signal quantification shown in the lower panels. 
Zygotes were analysed 20 hours after IVF. Quantification of 5mC and 5hmC are shown as 
ratio of the signal of the mean intensity of the paternal pronucleus (pPN) over the mean inten-
sity signal of the maternal pronucleus (mPN) after background subtraction. Each data point 
represents an independent zygote (5mC control n = 27 zygotes and 5mC +H2O2 = 21 zy-
gotes, three independent experiments; 5hmC control n = 52 and 5hmC +H2O2 n = 48, three 
independent experiments). Statistical analysis was performed using Student’s t-test (two-
tailed). Error bars indicate s.d., ns: non-significant  **P < 0.01. Maternal pronucleus: mPN/♀
/continuous line; paternal pronucleus: pPN/♂/dashed line. Scale bars, 50 µm.  
C. Quantification of 5mC/dG by LC-MS of 2-cell embryos obtained upon IVF with control 
sperm and sperm treated with H2O2. Data are from two independent experiments. Each data 
point represents the mean of two technical replicates of a pool of 50 embryos.  
D. Quantification of 5mC and 5hmC by LC-MS of bovine sperm untreated or treated with 
H2O2 and MII oocytes. Data are from three independent experiments. Each data point repre-
sents the mean of two technical replicates.  
 
Figure 5 
Replacement of cytosines in pre-replicative zygotes 
A. Schema describes the strategy to measure replication and DNA demethylation via the in-
corporation of EdU and EdC in zygotes and its readout. Representative images showing zy-
gotes with EdU (green) and EdC (green) incorporation 12 hours after IVF. Numbers refer to 
zygotes showing EdU or EdC incorporation relative to the total number of analysed zygotes, 
respectively.  
B. Schema describes the strategy to measure replication and DNA demethylation via the in-
corporation of BrdU and EdC in zygotes and its readout. Representative images showing zy-




to zygotes positive for EdC signal and negative for BrdU signal relative to the total number of 
analysed zygotes. Zygotes 24 hours pIVF were stained and used as post-replicative control 
zygotes. Scale bars, 50 µm. 
 
Figure 6 
Oxidative lesions in sperm impair active DNA demethylation at the paternal genome in 
zygotes. The model shows the link of BER to DNA damage and active DNA demethylation. 
On the left, it is shown how a putative DNA glycosylase recognizes 5mC or its modified forms, 
giving rise to abasic sites that via the subsequent enzymes of the BER pathway (i.e. APE1 
and XRCC1) allows the incorporation of unmodified cytosines. On the right, it is shown how 
oxidative lesions in sperm can impair DNA demethylation. Two models are here shown. In the 
first case, the presence of abasic sites that are established by OGG1 prior fertilization in 
sperm sequester XRCC1 at the expense of DNA demethylation activities, where recognition 
and excision of 5mC or its derivative is initiated only post-fertilization. The second model sug-
gests that DNA lesions inhibit the activity of the DNA glycosylase(s) responsible for the DNA 
demethylation. In both cases, the final product is a DNA that is repaired but still contains 
methylated cytosines. 
 
Supplementary Figure 1 
Oxidative stress in sperm does not affect paternal genome decondensation in zygotes 
Quantification of the DAPI signal of paternal and maternal pronuclei in zygotes from control 
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Pramel7 mediates ground-state pluripotency through
proteasomal–epigenetic combined pathways
Urs Graf1,2,3, Elisa A. Casanova1, Sarah Wyck3,4,5, Damian Dalcher3,4, Marco Gatti6, Eva Vollenweider3,4,
Michal J. Okoniewski7, Fabienne A. Weber2,3, Sameera S. Patel2,3, Marc W. Schmid8, Jiwen Li9, Jafar Sharif10,
Guido A. Wanner1, Haruhiko Koseki10, JieminWong9, Pawel Pelczar11, Lorenza Penengo6, Ra aella Santoro4,12,13
and Paolo Cinelli1,2,12,13
Naive pluripotency is established in preimplantation epiblast. Embryonic stem cells (ESCs) represent the immortalization of naive
pluripotency. 2i culture has optimized this state, leading to a gene signature and DNA hypomethylation closely comparable to
preimplantation epiblast, the developmental ground state. Here we show that Pramel7 (PRAME-like 7), a protein highly expressed
in the inner cell mass (ICM) but expressed at low levels in ESCs, targets for proteasomal degradation UHRF1, a key factor for DNA
methylation maintenance. Increasing Pramel7 expression in serum-cultured ESCs promotes a preimplantation epiblast-like gene
signature, reduces UHRF1 levels and causes global DNA hypomethylation. Pramel7 is required for blastocyst formation and
its forced expression locks ESCs in pluripotency. Pramel7/UHRF1 expression is mutually exclusive in ICMs whereas
Pramel7-knockout embryos express high levels of UHRF1. Our data reveal an as-yet-unappreciated dynamic nature of DNA
methylation through proteasome pathways and offer insights that might help to improve ESC culture to reproduce in vitro the
in vivo ground-state pluripotency.
Embryonic stem cells (ESCs) are derived from the inner cell
mass (ICM) of blastocysts and can be expanded indefinitely
in vitro1,2. However, only ESCs have the capacity for unlimited
self-renewal while ICM cells only briefly proliferate before acquir-
ing a more restricted developmental potential3,4. Consequently, dur-
ing the conversion of ICM cells to ESCs, there is an evident
arrest of a normal developmental program, which in vitro is sub-
verted in favour of a potential for unrestricted self-renewal while
retaining pluripotency5.
Depending on culture conditions, pluripotent ESCs can acquire
molecular features that are distinct from those characterizing the
developmental ground state of epiblast cells. Cultivation of ESCs in
the presence of either serum/leukaemia inhibitory factor (LIF) or
MEK/ERK and GSK3  inhibitors (2i, PD0325901 and CHIR99021)
is conducive for maintenance of naive pluripotency. Most ESCs
in serum/LIF (ESCs+serum) exhibit an altered transcriptional and
epigenetic profile relative to preimplantation epiblast cells and are
considered to be functionally naive but not ground state6. When
compared to ICM, ESCs+serum have a globally more repressive epi-
genetic status as evident by a higher DNA methylation content and
elevated expression of epigenetic regulators linked to transcriptional
repression5,7,8. Conversely, a large proportion of epigenetic modifiers
known to confer an active epigenetic state show higher expression
in ICM.
Gene expression and DNA methylation analyses have shown that
ESCs grown in 2i (ESCs+2i) are in an optimized state of naive
pluripotency that closely resembles the developmental ground state
in vivo9–13. Compared with ESCs+serum, ESCs+2i exhibit a permis-
sive epigenetic landscape, including a hypomethylated genome that
also characterizes ICM7,8,10–12. Thus, until now, the 2i-culture system
represents the best available approach to model the developmental
state of preimplantation epiblast cells in ESCs.
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Figure 1 Expression of Pramel7 in ESCs induces a gene signature similar
to ICM. (a) Pramel7 is expressed in ICM. Immunofluorescence analysis of
a blastocyst showing expression of Pramel7 in ICM but not in trophoblast
cells. (b) Pramel7 gene expression in ESCs+2i compared with ESCs+serum.
Pramel7 mRNA levels were measured by qRT–PCR and normalized to actin
mRNA and to ESCs+serum. Average values of two independent experiments;
lines represent means. (c) Scheme displaying the construct used to establish
P7 ESCs, which expresses FLAG-Pramel7 under the control of the CAG pro-
moter and contains a Pramel7-IRES-Puro cassette flanked by loxP sites fol-
lowed by EGFP sequences (P7 ESCs). Western blot indicates expression levels
of Pramel7 in E14 ESCs and P7 ESCs (P7) detected with Pramel7 antibodies.
Tubulin is shown as a loading control. (d) Volcano plot showing fold change
(log2 values) in transcript level of all coding genes in ESCs+Pramel7 (P7)
versus control ESCs (E14). Gene expression values of three replicates were
averaged and selected for P<0.05. A 1.5-fold change is indicated by the
dotted line. (e) Venn diagrams showing transcript level changes detected in
ESCs grown in serum compared with ESCs+Pramel7, ICM (ref. 5) and ESCs
grown in 2i (ref. 12). (f) Correlation of P7 ESC gene expression to the early
embryo stages. PCA analysis of P7 ESCs, embryonic stages E3.5 and E4.5,
ESCs cultured in serum/LIF or 2i from the data set published in ref. 9. The
image shown in a is representative of three independent stainings. Unpro-
cessed original scans of immunoblots are shown in Supplementary Fig. 6.
We and others have recently found that Pramel7 (PRAME-like 7),
a member of the Preferentially Expressed Antigen in Melanoma
(PRAME) family, is expressed at high levels at the morula stage and
in ICM, at lower levels in ESCs, but is completely absent in post-
implantation embryos and in somatic tissues14,15. Correct dosage of
Pramel7 levels is critical in early development. In ESCs, Pramel7
knockdown induces di erentiation, whereas its overexpression is
su cient to suppress di erentiation in the absence of exogenous
LIF, impairs teratoma formation and leads to embryonic lethality15,16.
Moreover, expression of Pramel7 in combination with the GSK3 -
inhibitor CHIR99021 is su cient to maintain ESCs undi erentiated
even in the absence of LIF, indicating that the presence of Pramel7
can compensate for the need of MEK/ERK inhibition (PD0325901)
(ref. 15). The considerably higher expression level of Pramel7 in ICM
compared with ESCs and its requirement to sustain pluripotency
suggested an important role in naive pluripotency.
RESULTS
Expression of Pramel7 in ESCs induces a gene signature
similar to preimplantation naive epiblast cells
Analysis of Pramel7 protein levels in blastocysts revealed specific
expression in ICM cells and absence in trophectoderm15,16 (Fig. 1a).
Interestingly, Pramel7 expression was also higher in ESCs+2i than
in ESCs+serum (Fig. 1b and Supplementary Fig. 1a). However,
Pramel7 levels in ESCs+2i were still very low and could not be
detected by immunofluorescence, as done for ICM, or western blot
with Pramel7 antibodies (Fig. 1c and Supplementary Fig. 1a,b). The
elevated Pramel7 expression in ICM and its strong reduction during
ICM–ESC transition5 prompted us to investigate whether increasing
the Pramel7 expression might induce ESCs+serum to acquire a
molecular signature similar to naive preimplantation epiblast cells.
We made use of a previously established E14 ESC line that expresses
elevated levels of FLAG-Pramel7 (P7 ESCs) under the control of the
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CAG promoter (Fig. 1c)15. We performed transcriptomic analysis and
compared P7 ESCs versus E14 ESCs and found 1,190 genes displaying
more than 1.5⇥ higher transcript abundance in P7 ESCs (P < 0.05)
whereas only 454 genes exhibited more than 1.5⇥ higher expression
in E14 ESCs (Fig. 1d and Supplementary Table 1). Transcription of the
majority of categorized stem cell maintenance genes (Gene Ontology
(GO): 0019827) including the core pluripotency factors Oct4 and
Nanog was not a ected.
Since E14 ESCs and P7 ESCs are grown in serum, we analysed the
RNA-seq results with published transcriptomic data comparing ICM
or ESCs+2i versus ESCs+serum5,12. Of the 1,190 genes upregulated
in P7 ESCs, 273 genes (23%) are upregulated in ICM versus ESCs
(Fig. 1e). A similar number of ICM-specific genes are upregulated
in ESCs+2i (352 out of 1,488 genes, 23%). In contrast, the number
of genes downregulated was less in P7 ESCs (454) than in ESCs+2i
(1,946), of which 124 and 650, respectively, were downregulated in
ICM versus ESCs.
Functional annotation clustering of di erentially expressed genes
by GO revealed that P7 ESCs, ESCs+2i and ICM share similar
biological processes (Supplementary Tables 2 and 3). The top 10 GO
terms of genes with altered transcription are the same and all refer to
developmental processes. Genes upregulated in P7 ESCs are highly
enriched for terms associated with developmental process and the
majority of them coincide with the top 10 GO terms of ICM-specific
genes (Supplementary Table 4). In contrast, pathways associated with
upregulated genes in ESCs+2i di er from ICM and P7 ESCs and,
as previously reported, are highly enriched for terms associated with
metabolic processes12. Downregulated genes in P7 ESCs are enriched
for terms associated with ion transport and di er from GO terms
associated with downregulated genes in ICM and ESCs+2i, which in
turn are very similar to each other and implicated in developmental
processes (Supplementary Table 5). Of note, Fgf4, a factor known to
stimulate the ERK pathway that primes ESCs for lineage specification,
is downregulated in P7 ESCs17–19. To assess how P7 ESCs are related
to embryonic stages E3.5 and E4.5, and ESCs+serum or ESCs+2i,
we performed principal component analysis (PCA) using recently
published gene expression profiles9. Two-dimensional PCA analysis
grouped ESCs+2i close to E4.5 epiblast cells (Fig. 1f)9. Remarkably,
P7 ESCs were closer to ESCs+2i than to ESCs+serum and grouped
with the greatest similarity to E4.5 epiblast cells. Dimensions 2 and
3 of the PCA analysis suggest that P7 ESCs also recapitulate certain
aspects seen in epiblast cells (E3.5–4.5) (Supplementary Fig. 2).
Expression of Pramel7 induces hypomethylation of embryonic
stem cells
The genome of ICM and ESCs+2i has a low content of DNA
methylation compared with ESCs+serum and to later developmental
stages7,8,10,12. To determine whether expression of Pramel7 a ects
the epigenetic state of ESCs+serum, we analysed the DNA
methylation content of P7 ESCs. Intense 5-methylcytosine staining
at 40,6-diamidino-2-phenylindole (DAPI)-dense heterochromatic
regions observed in control ESCs was significantly reduced in P7
ESCs (Fig. 2a). Measurement of global DNA methylation with the
methylation-sensitive restriction enzyme HpaII indicated that CpG
methylation was substantially reduced in P7 ESCs (Fig. 2b). We
obtained similar results with McrBC digestion, an endonuclease
that cleaves DNA containing only methylcytosine on one or both
strands (Fig. 2c). Next, we deleted the Pramel7 transgene with Cre-
recombinase (P7 ) and found that HpaII or McrBC DNA digestion
resistance reverted to levels found in control cells, indicating that
the DNA methylation content depends on Pramel7 expression levels
(Figs 1b and 2d).
Despite the low DNA methylation, ICM cells and ESCs+2i
retain DNA methylation at imprinting control regions (ICRs)8,10. We
examined the methylation of two ICRs, KvDMR1 and Igf2/H19, using
bisulfite sequencing, COBRA and GlucMS-qPCR (glucosylation fol-
lowed bymethylation-sensitive quantitative PCR) and found that their
methylation is drastically reduced in P7 ESCs (Fig. 2e,f and Supple-
mentary Fig. 3a,b). This loss of methylation is also consistent with
the upregulation of H19 and Kcnq1ot1 and silencing of the adjacent
imprinted transcripts within the clusters (Cdkn1c) (Supplementary
Table 1 and Supplementary Fig. 3c). A similar relationship between
DNA methylation and gene expression was obtained through the
analysis of methylation profiles of ESCs+serum8, which revealed that
genes upregulated following expression of Pramel7 display a higher
methylation content at the transcription start site than average. As
previously reported, genes upregulated following ESC transition from
serum to 2i conditions do not show this correlation (Fig. 2g)10. These
results indicate that expression of Pramel7 in ESCs+serum induces
global hypomethylation and suggest a link between high Pramel7
expression levels and the hypomethylated state characterizing preim-
plantation embryos and ESCs+2i. Nevertheless, the methylation con-
tent of P7 ESCs is not identical to ICM and ESCs+2i since ICRs do not
retain methylation.
Pramel7 interacts with UHRF1 and the Cullin 2 RING E3
ubiquitin ligase complex
P7 ESCs and E14 ESCs express similar levels of the DNA
methyltransferases Dnmt1, Dnmt3a and Dnmt3b and the Ten-
eleven translocation enzymes Tet1, Tet2 and Tet3 (Supplementary
Fig. 4), indicating that Pramel7-mediated DNA hypomethylation
is not due to altered expression of regulators of DNA methylation.
To identify factors interacting with Pramel7, we performed a yeast
two-hybrid screen using a Pramel7-LexA fusion protein as a bait to
screen an E14 ESC complementary DNA library (Fig. 3a). Three out
of five isolated clones displayed a strong LacZ signal, all expressing the
protein UHRF1 (Ubiquitin-like, with PHD and RING finger domains
1). UHRF1 specifically recognizes and binds to hemimethylated
DNA and is crucial for the transmission of DNA methylation marks
during cell division20–22. Indeed, Uhrf1 /  ESCs display a drastic
global reduction of DNA methylation content, including ICRs20.
Anti-FLAG co-immunoprecipitation analysis in P7 ESCs confirmed
the interaction of Pramel7 with UHRF1 (Fig. 3b). Pramel7–UHRF1
association was also detected in HEK293T cells, which do not express
Pramel7, after anti-FLAG co-immunoprecipitation of cells transfected
with plasmids expressing FLAG-Pramel7 (Fig. 3c,d). Additionally, we
detected the association with histones, suggesting a role of Pramel7
that is linked to chromatin.We also identified Elongin C (TCEB1) and
polyubiquitin as Pramel7-interacting proteins, both components of
the Cullin 2 RING E3 ubiquitin ligase (CRL) complex that is involved
in polyubiquitylation and subsequent proteasomal degradation
of target substrates23 (Fig. 3d). Interestingly, we found ubiquitin
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Figure 2 Expression of Pramel7 induces hypomethylation of embryonic
stem cells. (a) DNA methylation defects in P7 ESCs in comparison with
control E14 ESCs as revealed by immunofluorescent staining using anti-5mC
antibody. Scale bars, 10 µm. The image is representative of three independent
stainings. (b,c) CpG methylation levels measured by digestion of genomic
DNA from E14 ESCs and P7 ESCs with the methylation-sensitive restriction
enzymes HpaII and McrBC. Quantification of DNA signal was measured
using Fiji image analysis software. M, DNA ladder. The image shown in b is
representative of four independent experiments and in c of three independent
experiments. (d) Defects in DNA methylation depend on Pramel7 expression
levels. CpG methylation levels in E14, Cre-recombined (+Cre, P7 ) and
non-recombined (P7+) ESC clones were measured by HpaII and McrBC
digestion. The image shown in d is representative of three independent
experiments. (e) Bisulfite sequencing showing extensive demethylation of
Igf2/H19 ICR in P7 ESCs. (f) Analysis of methylation levels at one single
MspI site (CCGG) by GlucMS-qPCR confirmed that Igf2/H19 ICR underwent
substantial demethylation without affecting hmC (hydroxy-methyl cytosine)
levels in P7 ESCs. n=3 independent experiments performed in triplicates,
error bars represent s.d. (g) CpG methylation levels at the transcription start
site (+/  1 kb) of RefSeq RNAs from differently expressed genes in P7
ESCs versus E14 ECSs and randomly picked (same number of transcripts
as upregulated + downregulated) genes (data are from ref. 8). Box plot
with median bar, first–third quantile box and 5th–95th percentile whiskers.
(⇤⇤⇤P<0.001, two-tailed Student’s t-test.)
associated with UHRF1 whereas the interaction with Elongin C was
detected only in the presence of Pramel7 (Supplementary Table 6).
Finally, analyses in Uhrf1 /  ESCs revealed that Pramel7 association
with the CRL complex does not depend on UHRF1 (Fig. 3e,f).
Pramel7 mediates the proteasomal degradation of UHRF1
The above findings prompted us to investigate whether Pramel7
targets UHRF1 for proteasomal degradation. We measured UHRF1
levels by immunofluorescence and western blot analysis and found
a significant reduction of UHRF1 in P7 ESCs (Fig. 4a,b). Similarly,
UHRF1 levels were drastically reduced in HEK293T cells after 48 h
of ectopic expression of Pramel7 (Fig. 4b). The reduction in UHRF1
was not mediated through the inhibition of Uhrf1 gene expression, as
Uhrf1 messenger RNA levels in P7 ESCs were comparable to those
of control ESCs (Fig. 4c). This is also consistent with a previous
analysis showing no remarkable alterations of Uhrf1 mRNA levels
in ICM, where Pramel7 is highly expressed, and ESCs5. Remarkably,
UHRF1 levels were also reduced in ESCs+2i when compared with
ESCs+serum, a result that is consistent with a recent report24
(Supplementary Fig. 1b).
To get insight into the Pramel7-mediated degradation of UHRF1,
we excised the Pramel7 cassette in P7 ESCs by Cre-recombinase,
simultaneously bringingEGFP under the control of theCAGpromoter
(Fig. 1b). Clones were selected for EGFP-positive (P7 /EGFP+) and
-negative (P7+/EGFP ) signal. The dependency of UHRF1 moieties
on Pramel7 expression was evident by the reduction of UHRF1
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a Bait vector: pLexA-dir-Pramel7
Prey vector: pGAD-HA-cDNA (E14 ESCs)
Protein name +P7 –
Pramel7 11 0
UHRF1 3 0
Histone H2A type 2 2 0
Histone H3.3 1 0
Histone H4 3 0
Elongin C (TCEB1) 3 0
Polyubiquitin 3 0
Protein name +P7 –
Cullin 2 7 0
Elongin C 5 0
Elongin B 4 0
RPT1 2 0
UHRF1
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Figure 3 Pramel7 associates with UHRF1 and components of the Cullin 2
RING E3 ubiquitin ligase (CRL) complex. (a) Yeast two-hybrid assay using
Pramel7 as a bait and a whole transcriptome cDNA library of E14 ESCs
as prey. Three clones displayed a strong LacZ signal and all expressed
UHRF1. (b,c) FLAG-immunoprecipitation from P7 ESCs and HEK293T
cells transfected with FLAG-Pramel7 (P7)-expressing plasmids. Immunoblots
show association of Pramel7 with UHRF1. Images are representative of
five independent experiments. (d) Mass-spectrometry analysis of proteins
co-immunoprecipitated with FLAG-Pramel7 (P7) in HEK293T cells. Values
represent peptide hits. (e) FLAG co-immunoprecipitation of components of
the Cullin 2 RING E3 ubiquitin ligase (CRL) complex (Elongin B, Elongin C,
Cullin 2) in Uhrf1 /  ESCs expressing FLAG-Pramel7 (P7). The image is rep-
resentative of three independent experiments. mESC, mouse ESC. (f) Mass-
spectrometry analysis of proteins FLAG-immunoprecipitated in Uhrf1 / 
ESCs expressing FLAG-Pramel7 (P7). Values represent peptide hits. Unpro-
cessed original scans of immunoblots are shown in Supplementary Fig. 6.
expression in P7+/EGFP  cells as measured by immunofluorescence
and western blotting (Fig. 4d,e). Finally, we monitored UHRF1 levels
in HEK293T cells after transfection of FLAG-Pramel7 expression
plasmid (Fig. 4f). Pramel7 expression was first detected 24 h post-
transfection, which coincides with the initial UHRF1 reduction. After
72 h, when Pramel7 expression started to decline, UHRF1 again
increased and, concomitant with the disappearance of Pramel7 (96 h
and 120 h), UHRF1 levels were restored to similar amounts found in
control cells.
The 26S-proteasome mediates the final step in the degradation
of polyubiquitin-tagged proteins. We evaluated endogenous ubiquity-
lation of UHRF1 and found that ectopic Pramel7 expression increases
polyubiquitylated UHRF1 (Fig. 4g). Next, we analysed whether
UHRF1 is modified with Lys48-linked polyubiquitin chains, the
canonical signal for proteasomal degradation25. We co-expressed
UHRF1 together with the FLAG-tagged ubiquitin wild-type (WT) and
the mutants Lys0, which can only monoubiquitylate target proteins,
and Lys48-only, which can generate only Lys48-ubiquitin chains.
We found that UHRF1 polyubiquitylation is largely due to Lys48-
linkage of ubiquitin (Fig. 4h) and that the presence of Pramel7 further
increased UHRF1 Lys48-polyubiquitylation. Finally, we tested the
e ect of proteasomal inhibition on the stability of UHRF1. Treatment
with the proteasome inhibitor MG132 increases UHRF1 amounts and
blocked Pramel7-mediated UHRF1 degradation (Fig. 4i), indicating
that Pramel7 targets UHRF1 for degradation via the 26S-proteasome
pathway. Thus, genome hypomethylation observed in P7 ESCs
correlates well with the degradation of UHRF1 (ref. 20). Furthermore,
the data suggest that the reduction of DNA methylation following
Pramel7 expression occurs via a passive demethylation process, which
includes the loss of methylation at ICRs as previously reported in the
case of Uhrf1 /  ESCs20.
The Pramel7-LRR and UHRF1-SRA and RING domains are
necessary for the Pramel7–UHRF1 interaction and UHRF1
degradation
We next analysed whether the interaction of Pramel7 with UHRF1
is required for UHRF1 degradation. Pramel7 contains 3 leucine-
rich repeat (LRR) motifs, which in general are implicated in the
formation of protein–protein interactions26. Analysis of Pramel7-LRR
deletion mutants indicated that deletion of the first LRR (1LRR1)
was su cient to impair Pramel7-mediated degradation of UHRF1
and the association of Pramel7 with UHRF1 (Fig. 5a–c). Similar
results were obtained with further deletions of the second (1LRR1/2)
and third LRR (1LRR1/2/3). Thus, Pramel7-mediated degradation
of UHRF1 requires the association of UHRF1 with the Pramel7-LRR
motif. Next, we analysed the degradation and Pramel7 association
with UHRF1 mutants lacking the carboxy-terminal region, including
all PHD, SRA and RING (1PSR) domains or only SRA and RING
motifs (1SR) (Fig. 5d–f). These regions were previously implicated in
hemimethylated DNA recognition, ubiquitylation of histone H3K23
and association with the histone methyltransferase G9a (refs 27–29).
Deletion of SRA and RING regions was su cient to impair UHRF1
degradation and Pramel7 interaction with both 1PSR and 1SR
UHRF1 mutants was strongly reduced (Fig. 5e,f). UHRF1 associates
with histones and, consistent with previous reports30, this interaction
is abolished following deletion of PSR domains, whereas the 1SR
mutant still associates with histones (Fig. 5g). Similar to UHRF1,
Pramel7 in ESCs also associated with histones (Figs 3d and 5h) and
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Figure 4 Pramel7 expression affects UHRF1 stability and leads to UHRF1
degradation via the 26S-proteasome pathway. (a) Immunofluorescent
labelling of UHRF1 protein in E14 ESCs and P7 ESCs (P7). Scale bar,
10 µm. (b) Western blot for Pramel7 and UHRF1 in whole-cell lysates of E14
ESCs and P7 ESCs and in HEK293T cells 48 h after transient transfection
with FLAG-Pramel7 plasmid (P7). Tubulin is shown as a loading control.
(c)Uhrf1 gene expression in E14 ESCs and P7 ESCs.Uhrf1mRNA levels were
measured by qRT–PCR and normalized to actin mRNA. Average values of two
independent experiments; lines represent means. (d) Immunofluorescence
showing mutually exclusive UHRF1 and EGFP expression in P7 /EGFP+
(Cre-recombined) and P7+/EGFP  (non-recombined) ESC colonies; scale bar,
200 µm. (e) UHRF1 and Pramel7 levels measured by western blotting analy-
sis of cell lysates from five P7 /EGFP+ ESC clones and one P7+/EGFP  ESC
clone. (f) UHRF1 levels in HEK293T cells were monitored during the
5 days after transient transfection of FLAG-Pramel7 plasmid DNA (8 h to
120h post-transfection). (g) Pramel7 increases polyubiquitylation of UHRF1.
Endogenous ubiquitin levels of UHRF were monitored following immunopre-
cipitation of UHRF1 from HEK293T cells transfected with plasmid expressing
UHRF1 and/or FLAG-Pramel7. (h) UHRF1 is modified through Lys48-linked
polyubiquitin chains. Ubiquitin levels of UHRF1 were measured following
immunoprecipitation of UHRF1 from HEK293T cells transfected with plas-
mid expressing UHRF1 and WT, Lys0 (K0) or Lys48 (K48) Flag-ubiquitin as
indicated. (i) Pramel7-mediated UHRF1 degradation in HEK293T cells was
monitored after addition of the proteasome inhibitor MG132 (20 µM). Images
in a,b,d–i are representative of three independent experiments. Unprocessed
original scans of immunoblots are shown in Supplementary Fig. 6.
exhibited a preferential association with chromatin, which as expected
was also enriched in UHRF1 (Fig. 5i). We conclude that Pramel7-
LRR and UHRF1-SRA and RING domains mediate Pramel7–UHRF1
interaction, which is required to target UHRF1 to the 26S-proteasome.
Furthermore, this association is most likely occurring on chromatin.
Lack of Pramel7 increases UHRF1 protein levels in embryos
and impairs blastocyst formation
Our attempts to obtain Pramel7-null mice and blastocysts have failed
so far, suggesting an important role of Pramel7 in the late stages
of preimplantation development. To better understand the in vivo
function of Pramel7 we made use of the CRISPR/Cas9 technology
to target the coding region of Pramel7 by using a single guide RNA
(sgRNA-P7). As a control, we used sgRNA targeting the Rosa26
locus31. sgRNA-P7 and sgRNA-Rosa26 were microinjected into the
pronuclei of C57Bl/6J zygotes. The surviving zygotes (E0.5) were
cultured for 4 days (until E4.5) and the development of the embryos
was checked daily. Embryos developed normally until E3.5 (Fig. 6a).
At E4.5 the number of sgRNA-P7 embryos that reached the blastocyst
stage drastically reduced comparedwith the controls andwasmirrored
in an increase of developmentally arrested morula. Arrested sgRNA-
P7 embryos showed an aberrant morphology and lacked expression of
Pramel7 (Pramel7-KO) (Fig. 6b,c). sgRNA-P7 embryos that reached
blastocyst stage were still expressing Pramel7, indicating that only a
successful Pramel7 deletion causes a developmental arrest and that
Pramel7 is required for the establishment of the blastocyst. Correctly
developed embryos displayed a mutually exclusive expression of
Pramel7 andUHRF1 in ICMwhereas Pramel7-KO embryos expressed
high UHRF1 (Fig. 6c). These results support a role of Pramel7 in
regulating UHRF1 stability in ICM.
Pramel7 maintains the pluripotency state by repressing DNA
methylation through regulation of UHRF1 stability
Following di erentiation, ESC chromatin remodels into a condensed
and repressed structure and DNA methylation was shown to be
crucial for permanent restriction of developmental fate during
768
© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

















a LRR1 LRR2 LRR3































































































































































Figure 5 Pramel7 LRRs and UHRF1-SRA and RING domains are implicated
in Pramel7–UHRF1 interaction and UHRF1 stability. (a) Schema representing
the domain organization of Pramel7 and the analysed 1LRR mutants.
LRR, leucine-rich repeat. (b) Western blot of UHRF1 in HEK293T cells
48 h after transfection of FLAG-Pramel7 (FP7) and FP7-1LRR mutants;
tubulin is shown as a loading control. (c) FLAG immunoprecipitation
from HEK293T cells expressing FP7-1LRR mutants and mouse UHRF1
(mUHRF1). Overexpression of mUHRF1 was intended to increase the
UHRF1 signal and achieve better detection of the UHRF1–Pramel7
interaction. (d) Schematic representation of FLAG-UHRF1 and UHRF1
mutant constructs: 1SR (deletion of SRA and RING domains) and 1PSR
(deletion of PHD, SRA and RING domains). (e) Western blot of UHRF1
WT and mutants in HEK293T cells 48h post-transfection of UHRF1 and
Pramel7 expression plasmids. (f) FLAG-immunoprecipitation from HEK293T
cells transfected with FLAG-UHRF1 WT and mutants and Pramel7 expression
plasmids. (g,h) Association of UHRF1 and Pramel7 with histone H3 shown
by FLAG-immunoprecipitation from HEK293T expressing FLAG-UHRF1 WT
or FLAG-UHRF1 mutants (g) and FLAG-Pramel7 (h). (i) UHRF1 and Pramel7
associate with chromatin of ESCs. Chromatin-bound (Chr.) and soluble (Sol.)
fractions of equivalent cell number of E14 ESCs and P7 ESCs were analysed
by western blot for UHRF1 and Pramel7 levels. Tot., total. Tubulin and
histones are shown as loading and fractionation control. Images in b,c,e–h
are representative of three independent experiments. Unprocessed original
scans of immunoblots are shown in Supplementary Fig. 6.
di erentiation32–34. To determine whether the expression of Pramel7
following ESC di erentiation impairs terminal di erentiation, we
tested the ability of P7 ESCs to di erentiate into a stable state. We
di erentiated P7 ESCs following withdrawal of LIF and feeders for
14 days and observed that E14 ESCs developed into a homogeneous
cell layer whereas P7 ESCs formed less di erentiated and more
compact colonies (Fig. 7a). As expected, UHRF1 levels were lower in
di erentiated cells than in ESCs reflecting a lower cell proliferation
rate of the di erentiated state35 (Fig. 7b). Pramel7-mediated UHRF1
degradation was still active during di erentiation as evident by low
UHRF1 and DNA methylation content (Fig. 7b,c). In di erentiated
P7 cells the pluripotency genes Oct4, Nanog and Rex1 and the
pluripotencymarker stage-specific embryonic antigen 1 (SSEA1) were
expressed at high levels, suggesting that transcriptional silencing was
not as e cient as in di erentiated control ESCs (Fig. 7a,d). Consistent
with the hypomethylated state of P7 ESC genome, methylation of
the Oct4 promoter was lower in di erentiated P7 cells than in
control-di erentiated cells (Fig. 7e). Uhrf1 /  ESCs shared several
similarities with P7 ESCs. After 26 days of di erentiation, Uhrf1 / 
ESCs were also defective in transcriptional silencing of pluripotency
genes and formed less di erentiated and more compact colonies, a
phenotype that we also observed in DNMT-TKO cells (Fig. 7f and
Supplementary Fig. 5a). Finally, to determine whether expression of
Pramel7 a ects the stable terminally di erentiated state, we tested the
ability of 14-day di erentiated P7 cells to reconvert to a pluripotent
state (Fig. 8a). Di erentiated cells were seeded at a density of 10
cells per well in 96-well plates, cultured for 7 days in conditions
supporting pluripotency (+LIF) and screened for the expression of the
pluripotency marker alkaline phosphatase (AP). AP-positive (AP+)
colonies were found in only 2.7% of E14 ESC wells (5/182) whereas
80.8% (147/182) of wells with P7 ESCs contained AP+ colonies.
P7 ESC reconverted clones maintained Pramel7 expression and low
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Figure 6 Pramel7 is required for ICM. (a) Stacked bar plots showing the
fraction of embryos at different developmental stages at day 3.5 and
day 4.5, after injection with sgRNA-Rosa26 and sgRNA-P7. Data are
from two independent microinjections. In experiment 1, 114 embryos
were microinjected with sgRNA-Rosa26 and 110 embryos with sgRNA-P7.
In experiment 2, 87 embryos were microinjected with sgRNA-Rosa26
and 91 embryos with sgRNA-P7. Source data for this experiment are
available in Supplementary Table 8. (b) Representative images of embryos
at the morula stage obtained at day 4.5 showing aberrant morphology of
sgRNA-P7-injected embryos compared with sgRNA-Rosa26 control embryos.
(c) Immunofluorescence analysis of a blastocyst from a sgRNA-Rosa26
control embryo showing mutually exclusive expression of UHRF1 and Pramel7
in ICM cells. sgRNA-Pramel7 embryos lacked Pramel7 expression and
expressed UHRF1.
UHRF1 levels (Fig. 8b) and expressed pluripotency markers (Fig. 8c
and Supplementary Fig. 5b).We conclude that increased expression of
Pramel7 in ESCs impairs exit from pluripotency by repressing DNA
methylation through regulation of UHRF1 stability.
DISCUSSION
ESCs need to be shielded from extrinsic signals to indefinitely retain
pluripotency in culture and serum/LIF and 2i conditions have both
been proposed to be conducive for maintenance of naive pluripotency.
Additionally, 2i optimizes the state of naive pluripotency, inducing
a gene signature and DNA hypomethylation state that resembles
naive epiblast cells36. Here we show that expression levels of Pramel7
correlate with ground-state pluripotency, high in ICM and ESCs+2i
and low in ESCs+serum (Fig. 8d). Increasing Pramel7 expression
in ESCs+serum causes global DNA hypomethylation and induces
a naive pluripotency state closely comparable to the developmental
ground state in vivo.
ESCs+2i or P7 ESCs have similar properties, for example, robust
pluripotency, hypomethylated genome and activated pathways, all
similar to ICM. Nevertheless, it is likely that they achieved these
features using di erent mechanisms. Genes upregulated in P7 ESCs
are strongly linked to developmental processes and coincide with
ICM-specific genes whereas genes downregulated in ESCs+2i share
more similarity with ICM. Additionally, P7 ESCs are characterized
by elevated expression of genes involved in sustaining self-renewal
and retention of pluripotency such as Gbx2 and Lef137,38 and reduced
expression of genes implicated in controlling exit from pluripotency
such as Fgf4 and Tbx317–19,39. Therefore, an inducible system that
modulates expression of Pramel7 in cultured pluripotent ESCs might
represent an attractive and physiological alternative to in vitro
reproduce the in vivo ground-state pluripotency.
DNA hypomethylation has been considered an epigenetic trait of
ground-state pluripotency. Downregulation of both the de novo DNA
methyltransferases Dnmt3a and Dnmt3b has been proposed as a way
to maintain genome hypomethylation in ICM11. A similar mechanism
has been observed in ESCs+2i (refs 8,11). The post-translational
control of UHRF1 levels through Pramel7 might represent an
additional regulatory pathway to establish a hypomethylated genome,
creating greater epigenetic flexibility required by preimplantation
epiblasts to undergo rapid and transient developmental changes.
Interestingly, during the revision of this work, it was reported
that ESCs+2i have lower UHRF1 protein levels compared with
ESCs+serum24. Our data support these results. Moreover, we showed
that Pramel7 levels are higher in ESCs+2i than in ESCs+serum.
Although the role of Pramel7 in ESCs+2i still requires further
investigation, these results are consistent with our in vivo analyses
determining a mutually exclusive expression of Pramel7 and UHRF1
in ICM cells. The phenotype of P7 ESCs and Uhrf1 /  ESCs is
very similar, including the loss of methylation at ICRs and their
corresponding transcriptional changes20. However, ICM and ESCs+2i
770
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Figure 7 Pramel7 maintains the pluripotent state by repressing DNA
methylation through regulation of UHRF1 stability. (a) Immunofluorescence
analysis of the pluripotency markers Oct4 and SSEA1 in E14 ESCs and P7
ESCs and after 14 days of differentiation. Images are representative of four
independent stainings. (b) UHRF1 and Pramel7 protein levels from whole-
cell lysates of E14 ESCs and P7 ESCs in self-renewing conditions (+LIF)
and after 14 days of differentiation. Representative of three independent
experiments. (c) DNA methylation levels of 14-day differentiated E14 ESCs
and P7 ESCs measured by digestion with HpaII and McrBC. Representative of
three independent experiments. (d) Expression of the pluripotency-associated
genes Oct4, Nanog and Rex1 in differentiated cells measured by qRT–PCR
and normalized to actin mRNA. Data are represented as fold expression
in differentiated P7 cells compared with differentiated E14 ESCs. Values
represent the average of n = 3 independent experiments performed in
triplicates; error bars represent s.d. (e) Bisulfite genomic sequencing analysis
of the Oct4 promoter in MEFs, E14 ESCs and differentiated E14 and P7
cells. Open and filled circles indicate unmethylated and methylated CpGs,
respectively. (f) Oct4, Rex1 and Nanog expression levels in P7 ESCs and
Uhrf1 /  ESCs after 26 days of differentiation. Values were measured by
qRT–PCR, normalized to actin mRNA and represented as fold change relative
to the expression of differentiated E14 ESCs. Values represent the average of
n=3 independent experiments performed in triplicates, error bars represent
s.d. Unprocessed original scans of immunoblots are shown in Supplementary
Fig. 6.
maintain the parental methylation pattern at imprinted loci7,10,11.
There are several reasons that might explain the loss of methylation
at ICRs in P7 ESCs. Compared with ICM, which undergoes only a few
rounds of duplication, P7 ESCs have divided for a much longer time
and thus are more prone to lose methylation, including methylation
at ICRs (as in the case of Uhrf1 /  ESCs20). Moreover, UHRF1 in
ESCs+2i is only modestly reduced while the elevated expression of
Pramel7 in P7 ESCs (under the control of CAG promoter) induced
a strong UHRF1 downregulation. Alternatively, ICM cells might
modulate the activity of Pramel7 at defined gene loci (that is, at ICRs)
whereas the elevated expression of Pramel7 in P7ESCsmight not allow
this tight regulation.
Our results suggest that controlling the maintenance of DNA
methylation through modulation of UHRF1 stability has the potential
to regulate cell fate and might represent an as-yet-unappreciated
dynamic nature of DNA methylation. Our data imply that mainte-
nance of DNAmethylation has a role for stable exit from pluripotency,
as evident by di erentiation defects observed in ESCs with deletion of
Dnmt1 (ref. 32) orUhrf1 or Pramel7-mediated degradation ofUHRF1.
Importantly, demethylation of ESCs following knockout of all Dnmt
or Uhrf1 genes or following culture in 2i conditions did not result
in a proper activation of methylated genes10,40,41, which suggests that
either transcription factors are not present or compensatory mecha-
nisms can replace the repressive e ect of DNA methylation. The fact
that increased expression of Pramel7 induced global demethylation
and changes in transcription at genes with high methylation content
indicates that Pramel7 might have additional functions not limited to
DNA methylation pathways.
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Figure 8 Forced expression of Pramel7 affects the stable terminally
differentiated state. (a) Alkaline phosphatase (AP) staining assay of 14-day
differentiated E14 ESCs and P7 ESCs re-exposed to self-renewing conditions
(+LIF) for 7 days. Representative images of AP-stained 96-well plates and of
an AP  colony typical for E14 ESCs and an AP+ colony characteristic for
P7 ESCs are shown. Scale bars, 100 µm. The right panel shows average
numbers of wells containing AP+ colonies. The experiment was repeated
n=2 independent times. (b) Differentiated P7 cells reconverted into ESCs
(ReCs) still exhibit decreased levels of UHRF1. Western blot indicated
UHRF1 protein levels of three P7 reconverted clones expanded in self-
renewing conditions (+LIF). Western blot representative of two independent
experiments. (c) Representative immunofluorescence of a P7 reconverted
clone (P7-ReC1) showing expression of the pluripotency markers Oct4
and SSEA1. Scale bar, 200 µm. The image is representative of three
independent experiments. (d) Model showing how Pramel7 contributes
to ground-state pluripotency. Expression levels of Pramel7 correlate with
ground-state pluripotency, high in ICM and ESCs+2i and low in ESCs in
serum/LIF. Pramel7 induces global hypomethylation by targeting UHRF1 for
proteasomal degradation and establishes an active epigenetic state that might
be required by ICM to undergo rapid and transient developmental changes.
Unprocessed original scans of immunoblots are shown in Supplementary
Fig. 6.
The post-transcriptional control of UHRF1 levels mediated by
Pramel7 joins two pathways, proteasome and epigenetics, which have
been independently implicated in the maintenance of pluripotency.
We showed that controlling UHRF1 levels through Pramel7-mediated
targeting for proteasome degradation is an important molecular path-
way for the regulation of epigenetic states linked to ground-state
pluripotency (Fig. 8d). Since PRAME and PRAME family members
are expressed in a wide range of human tumours and are often cor-
related with poor clinical outcome42–44, our data also o er important
insights into how developmental programs might be undermined,
leading to the formation of diseased tissues, including cancers. ⇤
METHODS
Methods, including statements of data availability and any associated
accession codes and references, are available in the online version of
this paper.
Note: Supplementary Information is available in the online version of the paper
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Animals. All experiments were performed with C57BL/6J mice. Fertilized eggs
were obtained from superovulated 3–4-week-old females. Animals were housed
under controlled lighting (lights on at 6:00–18:00), temperature (23 ± 2  C) and
humidity (50 ± 5%), with free access to food and water. The Veterinary O ces
of the Canton of Zurich, Switzerland (license no. 165/2014 to P.C.) and Basel,
Switzerland (license no. 1023G1 to P.P.) approved all animal experiments. Housing
and experimental procedures were in accordance with the Swiss animal protection
law and conformed to the European Convention for the protection of vertebrate
animals used for experimental and other scientific purposes (Council of Europe
no. 123, Strasbourg 1985).
Cell lines and culture media. No cell lines used in this study were found in the
database of commonly misidentified cell lines that is maintained by ICLAC and
NCBI Biosample. All of the cell lines generated for this study were derived from
E14 129/Ola, karyotyped, tested for mycoplasma and their identity authenticated by
several means including resistance to drug selection, PCR and sequencing of specific
genomic regions.
ESCs were routinely cultivated on mitotically inactivated mouse embry-
onic fibroblasts (MEFs) in complete medium (Serum +LIF: GMEM (Sigma),
10% FCS, 10mM sodium pyruvate, 1⇥ NEAA, 1⇥ Pen/Strep/Glu, 0.1mM
2-mercaptoethanol) supplemented with 1,000Uml 1 leukaemia inhibitory factor
(LIF). HEK293T cells and MEFs were grown in DMEM (Life Technologies) sup-
plemented with 10% FCS, 1⇥ Pen/Strep/Glu and 10mM sodium pyruvate. Estab-
lishment of Pramel7 ESCs (P7 ESC) was described in ref. 15. Uhrf1 /  ESCs were
previously described20. DNMT-TKO ESCs were kindly provided by M. Okano45
(Laboratory for Mammalian Epigenetic Studies, Center for Developmental Biology,
RIKEN, Kobe, Japan).
Immunofluorescent detection and alkaline phosphatase staining. Cells were fixed
in 4% formalin. For confocal analysis formalin was supplemented with 1:555 100%
Triton X-100 (Sigma). Primary antibodies were diluted in PBST (PBS + 0.1%
Tween-20 ) and 4% horse serum and cells were incubated either overnight at 4  C or
at room temperature for 2–4 h. Nuclei were stained with DAPI (Roche) or Hoechst
for 60 s. Wide-field images were taken on a Zeiss Axiovert 40 CFL and processed
using AxioVision 4.6 software (Zeiss) and Adobe Photoshop CS6. Confocal pictures
were taken in the Center for Microscopy and Image Analysis (ZMB) of the Univer-
sity of Zurich and processed with IMARIS 7.6 software. For alkaline phosphatase
staining, cells were fixed in 4% formalin, washed 2⇥ with AP bu er (0.1M Tris-
HCl, 0.1M NaCl, 20mM MgCl2, pH 9.5) and incubated with AP staining solution
(AP Bu er +0.5 µl ml 1 NBT (Roche) and 3.5 µl ml 1 BCIP (Roche)). The staining
reaction was stopped with 1⇥ Tris-EDTA (20mM Tris-HCl, 5mM EDTA).
Isolation of genomic DNA and DNA methylation analysis. Cells were incubated
with Proteinase K overnight at 50  C followed by treatment with RNAseA
(Fermentas) for 30 min at 37  C. Genomic DNA (gDNA) was purified with 25:24:1
phenol/chloroform/isoamyl alcohol and subsequently precipitated by addition of
NH4Ac/ethanol. Fourmicrograms of gDNAwas digested overnight with 20UHpaII
or McrBC in 20 µl total reaction volume containing 0.5 ng of pBluescript plasmid
DNA for testing the e ciency of the HpaII digest. Digested gDNA was loaded
on a 0.8% agarose gel and gDNA fragments were separated by electrophoresis.
Quantification of DNA signal was measured using Fiji image analysis software.
To verify HpaII digestion e ciency, pBluescript KS(+) plasmid was analysed by
qPCR using one forward primer that is complementary to sequences upstream of
the CCGG site of the  -lactamase gene (at 2580) and two di erent reverse primers
that map upstream and downstream the HpaII sites. All analysed samples displayed
96–98% digestion e ciency. Bisulfite conversion was performed using the EpiTect
Bisulfite Kit (Qiagen) according to the manufacturer’s protocol. Amplification
was performed with a nested touchdown PCR program with a 0.5  C decrease
in the annealing temperature after each cycle. Bisulfite primers are listed in
Supplementary Table 7. Amplified sequences were cloned in pCR II-TOPO (Life
Technologies) and sequenced. For COBRA assay, PCR products were digested with
BstUI (New England Biolabs) followed by agarose gel electrophoresis. GlucMS-
qPCR assay was performed using the EpiMark 5-hmC and 5mC-Analysis Kit
(NEB). Briefly, genomic DNA was treated with T4 Phage  -glucosyltransferase.
Glucosylated DNAwas digested with HpaII orMspI or no enzyme (mock digestion)
at 37  C for 2 h and inactivated for 20min at 80  C. The HpaII- and MspI-resistant
fractionwas quantified by qPCRusing primers designed around a singleHpaII/MspI
site, normalizing to the mock digestion control (Supplementary Table 7).
For promoter methylation analyses of Pramel7-regulated genes and ESCs versus
2i (ref. 12), WGBS data of E14 serum ESCs from ref. 8 were used. A minimum
CpG coverage of 10 was set as a threshold. Average promoter methylation (+1 kb
and  1 kb relative to the transcription start site) was calculated using deepTools46
for all RefSeq RNA genes—retrieved through BioMart—taking each CpG into
consideration (no binning). Random promoters from all RefSeq RNA genes were
taken as a reference for average genome-wide promoter methylation using the same
number of promoter regions as for upregulated gene sets together. Median promoter
methylations with interquartile ranges are plotted for the indicated gene sets.
Yeast two-hybrid assay. Pramel7 was used as bait and a cDNA library of E14 ESCs
as a pool of prey proteins. The bait was cloned into a lexA-expression vector and
tested for self-activation and successful expression. cDNA library was transformed
and co-expressed with the bait plasmid. Positive clones were selected and library
plasmids were isolated. Finally positive clones were sequenced and BLAST analysis
was performed.
Co-immunoprecipitation and proteomic analysis. Cell pellets were resuspended
in IP bu er (50mM Tris-HCl pH 7.5, 150mM KCl, 5mM MgCl2, 0.2mM EDTA,
20% (v/v) glycerol, 0.5mM dithiothreitol, 0.1% (v/v) NP-40, Proteinase inhibitor
cocktail (Roche)), sonicated and DNase treated. One milligram of nuclear protein
was subjected to immunoprecipitation overnight at 4  C using ANTI-FLAG M2
a nity gel (Sigma). Precipitates werewashed three timeswith IP bu er, separated on
a 6% SDS-polyacrylamide gel and analysed by immunoblot. For proteomic analysis,
immunoprecipitated proteins were eluted twice using 100 µl M2 FLAG-peptide
(Sigma). Eluates were precipitated with trichloro-acetic acid (TCA), washed 4–6⇥
with cold acetone and then dried at 95  C. Proteomic analysis was carried out at the
Functional Genomics Centre Zurich (University and ETH Zurich).
RNA extraction, reverse transcription and quantitative real-time PCR and
RNA-seq. RNA was extracted using the RNeasy Mini Kit (Qiagen). Five hundred
nanograms or 1 microgram of RNA was reverse transcribed using Oligo(dT)12–18
Primer (Life Technologies), 10mM dNTP Mix (Life Technologies), RNAsin
Plus RNAse Inhibitor (Promega) and SuperscriptIII Reverse Transcriptase (Life
Technologies). Real-Time PCR was performed with the Rotor-Gene SYBR Green
PCR Kit (FAST) (Qiagen). Primer sequences are listed in Supplementary Table 7.
Illumina RNA-sequencing. Data were deposited to the European Nucleotide
Archive (ENA) under the accession number: PRJEB12665.
Library preparation. The quality of the isolated RNA was determined with a Qubit
(1.0) Fluorometer (Life Technologies) and a Bioanalyzer 2100 (Agilent). Only those
samples with a 260 nm/280 nm ratio between 1.8–2.1 and a 28S/18S ratio within
1.5–2 were further processed. The TruSeq RNA Sample Prep Kit v2 (Illumina) was
used in the succeeding steps. Briefly, total RNA samples (100–1,000 ng) were ribo-
depleted using Ribo Zero Gold(Epicentre) and then fragmented. The fragmented
samples were reversed transcribed to cDNA, end-repaired and polyadenylated
before ligation of TruSeq adapters containing the index for multiplexing. Fragments
containing TruSeq adapters on both ends were selectively enriched with PCR. The
quality and quantity of the enriched libraries were validated using Qubit (1.0)
Fluorometer and the Caliper GX LabChip GX (Caliper Life Sciences). The product
is a smear with an average fragment size of approximately 260 bp. The libraries were
normalized to 10 nM in Tris-Cl 10mM, pH 8.5 with 0.1% Tween-20.
Cluster generation and sequencing. The TruSeq PE Cluster Kit v4-cBot-HS or TruSeq
SR Cluster Kit v4-cBot-HS (Illumina) was used for cluster generation using 10 pM
of pooled normalized libraries on the cBOT. Sequencing was performed on the
Illumina HiSeq 2500 paired end at 2 X101 bp or single end 100 bp using the TruSeq
SBS Kit v4-HS (Illumina).
Data analysis. The raw reads were first cleaned by removing adapter sequences,
trimming low-quality ends, and filtering reads with low quality (phred quality<20)
using Trimmomatic47. Sequence alignment of the resulting high-quality reads to the
Mus musculus reference genome (build GRCm38) was performed with STAR (ver-
sion 2.4.2a) (ref. 48). The aligned reads were counted using the featureCountmethod
of the R-package Rsubread (version 1.18.0). To detect di erentially expressed genes
we applied a count-based negative binomial model implemented in the software
package edgeR (version: 3.10.2) (ref. 49), in which the normalization factor was
calculated by the trimmed mean of M values (TMM) method49. The gene-wise
dispersions were estimated by conditional maximum likelihood and an empirical
Bayes procedure was used to shrink the dispersions towards a consensus value. The
di erential expression was assessed using an exact test adapted for over-dispersed
data. Genes showing altered expression with adjusted (Benjamini and Hochberg
method) P value< 0.05 were considered as di erentially expressed.
Principal component analysis (PCA). The principal component analysis has been
performed on the qRT–PCR data set combined with the RNA-seq data set described
in ref. 9. The log2 counts in RNA-seq have been selected and normalized to mean.
The data set taken for PCA and hierarchical clustering was created as a projection of
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96 genes used in ref. 9 onto the Pramel7 ESCs RNA-seq experiment. The data sets of
Borowiak et al. (ref. 9) and our own RNA-seq were combined and batch correction
was applied using the ComBat function from the sva Bioconductor package50. PCA
has been calculated using the FactoMineR51 R library.
Transfection of HEK293T cells and electroporation of ESCs. Transfection of
HEK293T with plasmid DNA was performed using either CaCl2 and BES solution
(50mM BES, 280mM NaCl, 1.5mM Na2HPO4, pH 7.0) or Xtremegene HP
(Roche) transfection reagent. For stable integration of the plasmid pCAG-FLAG-
Pramel7-PGK-puro in E14 ESCs, the cells were first separated from the feeder
layer by trypsinization, incubated with plasmid DNA and electroporated at 500 µF
capacitance and 240V using a Bio Rad Gene Pulser II. Antibiotic selection
was started 24–48 h after electroporation and continued for 4 subsequent days
(puromycin, 1 µgml 1). After the selection medium was changed to standard
conditions (serum+LIF), the selected colonies were grown and clonally expanded.
For the time course experiment in HEK293T cells, HEK293T cells were
transfected with FLAG-Pramel7 expression plasmid. Samples were collected 8, 12,
24, 36, 48, 72, 96 and 120 h after transfection and analysed for FLAG-Pramel7 and
UHRF1 protein levels by western blotting. Endogenous ubiquitylation on UHRF1
was determined by anti-UHRF1 immunoprecipitation of HEK293 cells 36 h after
transfection with UHRF1 and FLAG-Pramel7 expression plasmid. When indicated,
plasmids expressingWT, Lys0 or Lys48 mutant FLAG-ubiquitin were co-transfected
and ubiquitin was detected with FLAG antibodies. Proteasomal degradation of
endogenous UHRF1 was monitored in 28 h post-transfection HEK293 cells treated
with MG132 (20 µM) for 8 h.
Di erentiation and reconversion of control E14 ESCs and P7 ESCs. E14 ESCs and
P7 ESCs were separated from the feeder layer and seeded on gelatinized feeder-free
culture dishes in complete medium without LIF. To avoid confluence, cells were
passaged after 6 and 10 days. After 14 days, the cells were seeded on two 96-well
plates containing feeder cells and LIF in a dilution of 10 cells per well and cultured for
a further 7 days. Fourteen-day di erentiated cells and cells cultured in the presence
of LIF were harvested and analysed for the expression of Pramel7 and UHRF1 and
of the pluripotency factors Oct4, Nanog, Rex1 and SSEA1 (immunofluorescence
and qPCR).
CRISPR/CAS9 targeting of Pramel7 in preimplantation embryo. The Cas9 target
sequence GCCTAAGAAGCAAATAGTGG in the Pramel7 gene was selected using
the CRISPOR search algorithm http://crispor.tefor.net. The target sequence was
incorporated into a dsDNA GenBlock fragment (IDT) 50-GCGCGCTAATACGA
CTCACTATAGCCTAAGAAGCAAATAGTGGGTTTAAGAGCTATGCTGGAA
ACAGCATAGCAAGTTTAAATAAGGCTAGTCCGTTATCAACTTGAAAAAG
TGGCACCGAGTCGGTGCTTT-30 containing a 50 proximal T7 promoter and a
30 proximal sgRNA sequence shown to promote optimal assembly of Cas9 RNPs52.
The sgRNA RNA was synthesized using the T7 transcription kit (NEB) following
the manufacturer’s instructions and the resulting transcripts were purified using the
NuclAway gel filtration spin columns (Ambion). The Cas9 RNPs were assembled
by heating the solution of 300 ng µl 1 sgRNA at 70  C for 5min, cooling to room
temperature and incubating with 67 ng µl 1 of Cas9 protein (Toolgene) at room
temperature for 20min in a final volume of 30 µl. For the control Rosa26 RNP the
procedure was repeated using a similar sgRNA targeting the XbaI site of the Rosa26
locus31. The Cas9 RNPs targeting the Pramel7 and Rosa26 were microinjected into
the pronuclei of C57Bl/6J zygotes essentially as described in ref. 53.
We performed two independent injection rounds. The first roundwas performed
with 224 embryos (Rosa26 = 114 embryos, P7 = 110 embryos), the second with
178 embryos (Rosa26 = 87 embryos, P7 = 91 embryos). Based on our experience,
this number of embryos is su cient to assess an e ect. The surviving zygotes were
cultured for 4 days in KSOMmedium (Millipore). The development of the embryos
was checked daily using an inverted microscope equipped with Nomarski optics.
No statistical method was used to predetermine sample size and the experiments
were not randomized. The investigators were not blinded to allocation during
experiments and outcome assessment.
Antibodies. For immunofluorescence analysis, the following antibodies were used:
anti-5mC (1:1,000: Diagenode C15200081), anti-OCT-3/4 (1:500: Santa Cruz
sc-9081), anti-SSEA1 (1:200: Developmental Studies Hybridoma Bank, University
of Iowa), anti-UHRF1 (1:200: Santa Cruz sc-98817).
For western blotting and immunoprecipitation analyses the following
antibodies were used: anti-H3 (1:15,000: Abcam ab1791), anti-Tubulin (1:10,000:
Sigma T8203), anti-FLAG (1:15,000: Sigma F7425), anti-UHRF1 (1:3,000: Santa
Cruz sc-98817), anti-Elongin B (1:1,000: Santa Cruz sc-11447), anti-Elongin C
(1:1,000: Santa Cruz sc-1559), anti-Cullin 2 (1:2,000: Invitrogen 51-1800), anti-
ubiquitin (1:1,000: Santa Cruz sc-8017). Pramel7 antibodies were produced in
rabbit through immunization with a specific Pramel7 peptide (mPRAMEL7-5:
NH2-CRDYLVGTLPKKQIVEDHSR-COOH, Pineda Antikörper Services). Serum
was purified by Protein A Sepharose followed by a nity chromatography and used
with a dilution of 1:5,000 for western blotting and 1:200 for embryo staining.
Statistics and reproducibility. For animal experiments no statistical method was
used to predetermine sample size and the experiments were not randomized.
The investigators were not blinded to allocation during experiments and outcome
assessment. RNA-Seq analysis was performed in triplicates: genes showing altered
expression with adjusted (Benjamini and Hochberg method) P value < 0.05 were
considered as di erentially expressed. Bar graphs represent mean± s.d.
Data availability. RNA-seq data that support the findings in Fig. 1e,f and
Supplementary Fig. 2 and Supplementary Tables 1–4 have been deposited in
the European Nucleotide Archive (ENA) under the accession code PRJEB12665.
Previously published RNA-seq and Bisulfite-seq data that were reanalysed here
are available under accession codes GSE20187, GSE23943 and GSE41923 at the
Gene Expression Omnibus (Figs 1e and 2g and Supplementary Tables 2–4), in
the ArrayExpress repository under accession number E-MTAB-2555 (Fig. 1f and
Supplementary Fig. 2) and in the European Nucleotide Archive as study ERP005749
(Fig. 1f and Supplementary Fig. 2). Source data for Figs 1b, 4c, 6 and 8a; and
Supplementary Figs 1a, 4b and 5b have been provided as Supplementary Table 8. All
other data supporting the findings of this study are available from the corresponding
authors on reasonable request.
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Supplementary Figure 1 (Related to Fig. 1)  a, Expression of Pramel7 in 
E14, Uhrf1-/- and DNMT-TKO ESCs grown in serum/LIF or 2i conditions. 
Pramel7 mRNA levels were measured by qRT-PCR and normalized to Actin 
mRNA. Average values of two independent experiments, lines represent 
means.  b, Western blot showing expression levels of Pramel7 and UHRF1 
in E14, DNMT-TKO, Uhrf1-/- ESCs and P7-ESCs cultured in serum/LIF and 
2i conditions detected with Pramel7 and UHRF1 antibodies. Tubulin is 
shown as loading control. Representative of 3 independent experiments. 
Unprocessed original scans of immunoblots are shown in Supplementary 
Figure 6.
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Dim 3 vs. Dim 2
Supplementary Figure 2 (Related to Fig. 1) Correlation of P7-ESC gene 
expression to the early embryo stages. PCA analysis (dimensions 2 and 3) of 
P7-ESCs, embryonic stages E3.5 and E4.5, ESCs cultured in serum/LIF or 
2i from data set published in 9.
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Supplementary Figure 3 (Related to Fig. 2)  a, b, COBRA analysis showing 
extensive demethylation of H19/Igf2 ICR and KvDMR1 (an intronic CpG 
island within the KCNQ1 gene) in P7-ESCs. Bisulfite converted DNA was 
amplified with bisulfite specific primers and methylation content was 
assessed by digestion with BstUI that recognizes CGCG sequences. Digestion 
of BstUI serves as indicator of the presence of methylated sequences 
which were resistant to C to U conversion. Bisulfite sequencing of KvDMR1 
(b) supports the lack of DNA methylation measured by COBRA assay. c, 
Example of changes in transcription of two imprinting regulated genes in P7-
ESCs.  Experiments in a and b were repeated independently twice.
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Supplementary Figure 4 (Related to Fig. 2)  a, Western blot showing 
expression levels of DNMT1, 3a and 3b in E14 and P7-ESCs cultured 
in serum/LIF. Tubulin is shown as loading control. b, Tet1, Tet2 and 
Tet3 expression levels measured by RT-qPCR. Values were normalized 
to Actin mRNA and represent the average of two independent 
experiments. Average values of two independent experiments. 
Unprocessed original scans of immunoblots are shown in Supplementary 
Figure 6.
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Supplementary Figure 5 (Related to Fig. 7 and 8) a, Representative 
images of ESCs grown in 2i condition and upon 5 days of differentiation. 
Upon differentiation methylation defective Uhrf1-/- and DNMT-TKO 
ESCs formed less differentiated and more compact colonies as in the 
case of P7-ESCs. Scale bar: 200µm. Representative of 2 independent 
experiments. b, Expression of pluripotency-associated genes Nanog, 
Oct4 and Rex1 in three P7 reconverted clones. Values were measured 
by qRT-PCR, normalized to actin mRNA and represented as fold change 






Oxidative stress in sperm is considered one of the major factor of male infertility. 
However, the contribution of oxidative DNA lesions in sperm during embryonic 
development remains elusive. The results of this study revealed that next to the im-
pact on DNA integrity, oxidative stress in sperm has a direct effect on the epigenetic 
reprogramming. Thus, our results indicate that oxidative stress in sperm may harm 
both paternal genetic and epigenetic contribution to the developing embryo, affecting 
embryo development and embryo quality. This work also provides further evidence 
supporting a mechanism where active DNA demethylation in zygotes is mediated by 
nucleotide replacement and that the BER pathway is implicated in this process. Last, 
but not least our results reveal species-specific epigenetic differences between bovine 
and mouse embryos and gametes that will facilitate the understanding of the dynamics 
of DNA methylation in early development. 
4.1 Contribution of paternal DNA damage in early embryonic devel-
opment 
In order to better define the effects of oxidative stress during early embryonic devel-
opment, we used conditions (i.e. treatment with H2O2) that induced DNA damage 
without affecting the fertilization rate. We reason that the use of IVF overcame the 
reduction in progressive motility of sperm treated with H2O2 that in vivo would clear-
ly have played a role. These results are also consistent with previous works showing 
that sperm harbouring DNA damage are able to fertilize oocytes where they can repair 
the DNA lesions using the repair machinery stored in the oocyte (Aitken et al., 2009; 
Chabory et al., 2009; Lane et al., 2014; Ronen and Glickman, 2001; Takahashi, 2012; 
Vinson and Hales, 2002). Accordingly, we observed enhanced recruitment of the 
BER core component XRCC1 to the paternal pronucleus of zygotes obtained with 
sperm treated with H2O2, suggesting that BER pathway might be implicated in this 
zygotic DNA damage response. We also want to point out that the analysis of XRCC1 
was performed without pre-extraction, which was used in a previous study to show 
the stronger association of XRCC1 with paternal pronucleus in mouse zygotes 
(Amouroux et al., 2016). Consistent with this work our IF analyses, performed with-
out pre-extraction showed that XRCC1 is localized at both paternal and maternal pro-




rived from sperm treated with H2O2 also indicated that oxidative DNA lesions in 
sperm activate a DDR in the zygote and that DNA damage in sperm can be repaired 
post-fertilization. However, quantifying to which extent DNA damage can be repaired 
in the zygote is technically challenging. We were unable to detect 8-oxo-G using spe-
cific 8-oxo-G antibodies for immunofluorescence analyses in zygotes. Although we 
cannot exclude a technical issue, there is always the possibility that this oxidized 
DNA base product cannot be detected in zygotes since it was already removed in 
sperm by OGG1 glycosylase. Accordingly, a previous work reported that OGG1 is 
not only expressed in human spermatozoa but is also able to cleave 8-oxo-G adducts 
from sperm nuclear DNA and create the corresponding abasic sites (Smith et al., 
2013). OGG1 is the only constituent of the BER pathway in sperm and given the ab-
sence of the subsequent enzymes of the BER pathway, APE1 and XRCC1, it is plau-
sible that the paternal genome in zygotes contains abasic sites. A similar result was 
also reported in a study that used mouse model system (Lord and Aitken, 2015). 
An important question of this work was to understand how DNA damage response to 
oxidative lesion of paternal genome affects early embryonic development. The DDR 
in embryos is distinct from what is described in somatic cells. Elementary differences 
exist between the embryonic and somatic cell cycle progression since the respective 
gap phase before and after replication is missing, resulting in a faster embryonic cell 
cycle progression that is in favour of the fast dividing embryos during early embryo-
genesis (Newport and Kirschner, 1982a). Early embryos lack the somatic cell cycle 
checkpoints this clearly renders the initiation of cell cycle arrest different. Additional-
ly, early stage embryos have lost the ability to undergo apoptosis (Adiga et al., 2007; 
Gawecka et al., 2013; Tubbs and Nussenzweig, 2017). Our quantifications of devel-
opmental progression of embryos obtained with sperm harbouring oxidative DNA 
lesions showed that the major defects were in later phase of development, closed to 
embryonic genome activation. We observed only a moderate reduction (25%) in the 
completion of the first cell division (from zygote to 2-cell stage) of embryos obtained 
with H2O2-treated sperm compared to control group. In contrast, we observed a 78% 
reduction in the formation of blastocysts from embryos that progress beyond the 2-
cell stage. Similar observations have been described in previous studies in cattle and 
primates showing that DNA fragmentation has an impact on later phases of develop-





Why does oxidative stress in sperm induce an arrest in early embryonic development 
only later in development? We can envision several possible scenarios. In the first 
case, the oxidative DNA lesions present in the paternal genome cannot be properly 
repaired in zygotes and consequently embryonic DDR can promote, for yet unknown 
reasons, cell cycle arrest only after the first cell division. A possible explanation 
might be a p21-induced arrest of early embryos that was shown to occur only in later 
stages of pre-implantation embryo development after DNA damage in sperm, without 
affecting pronuclei formation (Adiga et al., 2007; Shimura et al., 2002). However, the 
fact that the BER machinery was recruited to the damaged pPN indicates that zygotes 
are able to conduct DNA repair, at least to some extent. Moreover, we observed that 
γH2AX, an early cellular response to the induction of DNA double- and single-strand 
breaks, is abundantly present at both the paternal and the maternal genome in control 
zygotes which develop normally (Thiriet and Hayes, 2005). Thus, these results indi-
cated the presence of DNA damage in zygotes under unperturbed conditions and sug-
gested that DNA lesions alone cannot be responsible for embryo developmental ar-
rest. Although we cannot exclude that sperm exposed to an oxidative environment 
may carry toxic metabolites that would then impair embryo development, it is notable 
that embryonic arrest occurs at the onset of bovine embryonic genome activation 
(EGA, 4-cell stage). Thus, a possible further explanation is that the observed impair-
ment of active DNA demethylation at the paternal genome might affect the expression 
of genes critical to development due to failure in zygotic epigenetic reprogramming. 
4.2 Contribution of the paternal DNA damage to the zygotic epige-
netic reprogramming 
Previous studies have implicated BER in the active DNA demethylation of the pater-
nal genome in mouse zygotes (Hajkova, 2010; Wossidlo, 2010). Pharmacological in-
activation of the BER core components - APE1 and PARP1 - resulted in zygotes with 
significantly higher levels of DNA methylation in the paternal pronucleus (Hajkova et 
al., 2010). The finding that active DNA demethylation is impaired in zygotes obtained 
with sperm exposed to oxidative damage provides a further strong indication that this 
process is likely linked to DNA repair pathways. The implication of BER in DNA 
demethylation process suggests that the loss of 5mC is potentially driven by nucleo-
tide replacement. Although there is a certain consensus that active DNA demethyla-




replicative zygotes, this mechanism has not yet been formally proven since, to our 
knowledge, the incorporation of unmodified cytosines in the paternal or maternal pro-
nuclei of pre-replicative zygotes has never been demonstrated. This work provided 
direct evidence of the incorporation of unmodified cytosines in the absence of DNA 
replication and supports a model where active DNA demethylation is mediated by 
nucleotide replacement activities. 
We showed an enhanced recruitment of the BER core component XRCC1 from the 
mPN to the pPN of zygotes generated with sperm exposed to oxidative stress. Thus, 
as discussed above, zygotes can initiate a DDR at paternal genome harbouring DNA 
lesions. The fact that DNA demethylation is impaired in the damaged paternal ge-
nome suggests that oxidative lesions are repaired by BER at the expense of DNA de-
methylation. This impairment of DNA demethylation can be explained with two 
mechanisms, which are not mutually exclusive. In the first case, it can occur a compe-
tition between repair and DNA demethylation activities, where oxidative DNA lesions 
at paternal genome sequester BER components and make the replacement of 5mC or 
its derivatives less efficient. A switch in BER activity that favours the repair of oxida-
tive lesions (i.e 8-oxoG) over the replacement of 5mC or 5mC oxidized products can 
be probably explained by the different activities between DNA glycosylases, which 
recognize specific base modifications and generate an abasic site product (Kim and 
Wilson, 2012). Although the glycosylase(s) implicated in active DNA demethylation 
in zygotes is still under debate, the glycosylases implicated in oxidative DNA lesions 
have been well characterized. Among them, OGG1 cleaves 8-oxo-G producing an 
abasic site and it is important for the recruitment of XRCC1 to damaged site that is 
required for successful repair (Campalans et al., 2015). Importantly, previous studies 
have shown that OGG1 can cleave 8-oxo-G adducts from sperm nuclear DNA to cre-
ate the corresponding abasic sites that, however, cannot be repaired in sperm due to 
the lack of AP endonucleases and XRCC1 (Lord and Aitken, 2015; Smith et al., 
2013). Thus, the presence of already established abasic sites at the paternal genome 
might explain the sequestration of XRCC1 at the expense of DNA demethylation ac-
tivities, where recognition and excision of 5mC or its derivative is initiated only post-





Figure 24. Oxidative lesions in sperm impair active DNA demethylation at paternal genome in zygotes. The 
model shows the link of BER to DNA damage and active DNA demethylation. On the left, it is shown how a puta-
tive DNA glycosylase recognizes 5mC or its modified forms, giving rise to abasic sites that via the subsequent 
enzymes of the BER pathway (i.e. APE1 and XRCC1) allows the incorporation of unmodified cytosines. On the 
right, it is shown how oxidative lesions in sperm can impair DNA demethylation. Two models are shown here. In 
the first case, the presence of abasic site that are established by OGG1 prior fertilization in sperm sequester 
XRCC1 at the expense of DNA demethylation activities, where recognition and excision of 5mC or its derivative 
is initiated only post-fertilization. The second model suggests that DNA lesions inhibit the activity of the DNA 
glycosylase(s) responsible for the DNA demethylation. In both cases, the final product is a DNA that is repaired 
but still contains methylated cytosines. 
 
Another possibility is that DNA lesions inhibit the activity of the DNA glycosylase(s) 
responsible for the DNA demethylation (Fig. 24). Thymine DNA glycosylase (TDG) 
was implicated in DNA demethylation due to its ability to recognize and remove the 
oxidized forms of 5mC, 5fC and 5caC. In vitro biochemical analyses indicated that 
the removal of symmetrically methylated CpGs by TDG/TET1 complex occurs in a 
sequential manner and that the presence of the abasic site on one strand delays the nu-
cleotide removal of the opposite strand (Weber et al., 2016). Although this can repre-
sent a possible scenario occurring at the paternal genome harbouring DNA lesions in 
the zygote, it is still possible that the factors implicated in DNA demethylation in the 
zygotes are different. Indeed, TET1 is present only in later stages of early embryonic 
development and Tdg deletion from the zygote has not effect on DNA demethylation 
(Guo et al., 2014a; He et al., 2011; Kohli and Zhang, 2013). Thus, the identification 
of glycosylases implicated in the excision of 5mC or its modified derivatives will be 
necessary to understand not only the dynamics of DNA demethylation but also the 




point that we took into consideration during the progression of our study was the pos-
sibility that DNA damage could affect protamine-histone exchange and chromatin 
decondensation of the paternal genome, which have been thought to be necessary for 
active DNA demethylation (Lin et al., 2013; Polanski et al., 2008). However, we did 
not observe any apparent defects in decondensation of the paternal pronuclei as well 
as in the incorporation of the early embryonic epigenetic mark H3K27me3 (Santenard 
et al., 2010) (data not shown). Thus, our results suggest that the impairment of DNA 
demethylation by oxidative lesions in sperm acts either through competition of BER 
or via inhibition of DNA glycosylase activity that mediate DNA demethylation.  
4.3 Active DNA demethylation in bovine zygotes 
This study also revealed several differences between bovine and mouse embryos. Alt-
hough DNA demethylation at the paternal genome was conserved, factors previously 
linked to active DNA demethylation in mouse zygotes, namely γH2AX and 5hmC, 
displayed a distinct localization (Iqbal et al., 2011; Wossidlo, 2010, 2011). In mouse 
zygotes, γH2AX and 5hmC were shown to be present only in the paternal pronucleus 
whereas in bovine zygotes they were equally present at both paternal and maternal 
pronuclei. Interestingly, a recent study showed that 5hmC in human ICSI derived em-
bryos is also localized at both paternal and maternal pronuclei (Guo et al., 2014b). 
Thus, the similar 5hmC pattern between bovine and human embryos makes the bo-
vine model an interesting system to better understand epigenetic remodelling in hu-
man embryo, which for ethical issues cannot be easily accessed. 
Remarkably, impairment of active DNA demethylation in bovine zygotes obtained 
with sperm exposed to oxidative stress was not accompanied by alterations of 5hmC 
content. These results indicated that active DNA demethylation in bovine embryos 
might not completely depend on the 5hmC pathway. Our results are consistent with 
recent studies showing that in mouse zygotes the loss of paternal 5mC and accumula-
tion of 5hmC are temporally disconnected and proposed that TET3 might play a ma-
jor role in preventing aberrant de novo methylation from the abundant DNMT3A in-
herited from the oocyte (Amouroux et al., 2016). Along the same line, it was recently 
shown that in mouse primordial germ cells 5hmC was not a prerequisite for 5mC loss 
and that TET1 played a role in maintaining but not driving DNA demethylation (Hill 
et al., 2018). Thus, the detection of 5hmC at bovine paternal pronuclei with impaired 




first wave of DNA demethylation that is 5hmC independent. We want also to high-
light here that the setting of our experiment in the context of DNA demethylation 
analysis in the zygote is unique of its kind. Indeed, all the studies so far have used 
strategies to impair 5-hmC (i.e. Tet3 deletion) whereas the impairment of DNA de-
methylation was never used since it is not know how this process occurs. Therefore, 
our study represents the first analysis of 5hmC under conditions where DNA demeth-
ylation is impaired.  
The equal presence of 5hmC at maternal pronuclei, which do not undergo a global 
active demethylation, suggests that some events of pre-replicative Tet3-mediated 
DNA demethylation can also occur at the maternal genome. This result is also con-
sistent with the pre-replicative replacement of unmodified cytosines detected in this 
work and with previous studies showing loci-specific active DNA demethylation of 
the maternal genome (Guo et al., 2014a; Wang et al., 2014). Alternatively, the con-
version of 5mC to 5hmC is not implicit to active DNA demethylation. Of note is that 
global 5hmC levels were lower in 2-cell stage embryos generated with H2O2-treated 
sperm compared to control embryos. Considering that our IF measurements did not 
detect any changes in 5hmC levels in zygotes, these results suggest that oxidative 
DNA lesions in sperm might also have an effect on methylcytosine hydroxylation ac-
tivities during/after the first zygotic replication. Accordingly, recent genome-scale 
DNA methylation maps for both the paternal and maternal genomes suggested that 
TET3 might facilitate DNA demethylation largely by coupling with DNA replication 
(Shen et al., 2014).   
Quantification of total 5mC and 5hmC content in bovine gametes revealed another 
peculiar epigenetic species-specific feature. Global 5mC and meCpG levels in mouse 
and human germ cells were reported to be higher in sperm than in oocytes (Amouroux 
et al., 2016; Guo et al., 2014a; Zhu et al., 2018). In contrast, our measurements in bo-
vine gametes revealed that 5mC was higher in oocytes than in sperm. To our 
knowledge this is the first comparative analysis in bovine sperm and oocytes for glob-
al 5mC and 5hmC levels. Thus, the different 5mC content between female and male 




4.4 Oxidative stress in sperm and its implication in the success of 
ARTs 
In a clinical context, this study has relevance in assisted reproductive techniques 
(ARTs) that are commonly used in human medicine and livestock breeding. Nowa-
days children conceived using ART account for 2% of all births, which has brought to 
the society a growing interest in their long-term health to the society (Canovas et al., 
2017b). The fact that oxidative stress in sperm induces not only DNA lesions but also 
epigenetic alterations that can be transmitted to offsprings strongly indicates the ne-
cessity to identify sub-fertile patients that potentially harbour high levels of oxidative 
DNA damage within their spermatozoa. Accordingly, meta-analysis in human and 
veterinary medicine correlates increased ROS levels in sperm to a reduction of suc-
cess when using ARTs (Agarwal et al., 2005). Moreover, ART constitute substantial 
chemical and physical variations in the environment of gametes and embryos in com-
parison to normal physiological conditions (Canovas et al., 2017b). For example, ear-
ly embryonic development in utero takes place in the oviduct under physiological ox-
ygen partial pressure (5-7%) whereas ARTs, like IVF, are performed under atmos-
pheric oxygen partial pressure (Fischer and Bavister, 1993). In vitro production of 
bovine embryos with frozen/thawed semen is used worldwide for commercial purpos-
es. Exposure of sperm to high levels of ROS during freezing and thawing was indicat-
ed as a potential inducer of DNA damage and decrease of sperm fertility (Amirat et 
al., 2005; Bansal and Bilaspuri, 2010). Accordingly, the supplementation of a cryo-
preservation extender with antioxidants, such as sodium pyruvate, has been shown to 
provide a cryoprotective effect on mammalian sperm quality (Bansal and Bilaspuri, 
2010; Korkmaz et al., 2017). Additionally, the feeding of saturated as well as non-
saturated fatty acids increased the quality of bull semen after cryopreservation (Gurler 
et al., 2015). Our work has shown that oxidative stress compromises not only the in-
tegrity of sperm DNA but also its post-fertilization epigenetic reprogramming with 
consequence defects in early embryo development. Considering the increasing num-
bers of people who will be using ART in the upcoming years, optimization of ART 
procedures and understanding their effect in epigenetic reprogramming in early em-
bryo is a necessary step to determine health risks that may be associated with ART.  
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